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Introduction

Angular separation of decay products for a massive P, scales as 2mP/pP
T .

→ jet radius parameter R should be process dependent and scale with pT.

In practice, the LHC collaborations
use a small number of R values.

There is a distinction between large
radius jets and small radius jets.

From large radius jets, we have seen
many studies probing the top down
substructure of jets, at fine radial
scales.
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Why do we not optimize R per process and per energy scale?
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A Minor Setback: Jet Calibrations

Algorithms are not optimized per
analysis due to non-trivial calibrations:

Calibration: The corrections to a jet
4-vector so that 〈E reco/E truth〉 = 1
and is independent of η.

[Particle flow/Calorimeter cluster]
inputs to jets are calibrated,
but need to correct for e.g.

particles that were missed, merged, or
below noise thresholds, energy loss in
un-instrumented regions, and
correlations between particles.

14 6 Jet Energy Calibration
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Figure 6: Monte Carlo jet-energy-correction factors for the different jet types, as a function of
jet h. Left: correction factor required to get a corrected jet pT = 50 GeV. Right: correction factor
required to get a corrected jet pT = 200 GeV.
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Figure 7: Monte Carlo jet-energy-correction factors for the different jet types, as a function of
jet pT.

show strong dependence on the flavour type with differences up to 10%. This is attributed to
the non-linear single-particle response in the calorimeters. For the track-based reconstructed
jets, the flavour dependence is significantly reduced and not larger than 5% and 3% for JPT
and PF jets respectively. The ability to measure precisely the charged particle momenta in the
tracker reduces the contribution of calorimetry at low jet pT. In all jet types, the jets originated
from a light quark (u/d/s) have a systematically higher response than those from the other
flavours, which is attributed to the harder spectrum of the particles that are produced in the
fragmentation process. For comparison, Fig. 9 shows the flavour dependent response ratio of a
different fragmentation model (HERWIG++) with respect to PYTHIA6.
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8 ATLAS Collaboration: Measurements of jets with the ATLAS detector
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Fig. 2: Overview of the ATLAS jet reconstruction. After the jet finding, the jet four momentum is defined as the four momentum
sum of its constituents.
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Fig. 4: Average response of simulated jets formed from topo-clusters, calculated as defined in Eq. (1) and shown in (a) for the EM
scale (REM) and in (b) for the LCW scale (RLCW). The response is shown separately for various truth-jet energies as function
of the uncorrected (detector) jet pseudorapidity hdet. Also indicated are the different calorimeter regions. The inverse of REM

(RLCW) corresponds to the average jet energy scale correction for EM (LCW) in each hdet bin. The results shown are based on
the baseline PYTHIA inclusive jet sample.
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Can we make jet clustering more modular?
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Jets from Jets: a modular way to cluster & calibrate

Introduce a new angular scale r < R;

Cluster radius r jets into radius R jets.

If chosen appropriately, the corrections
and calibrations (and uncertainties!)
from r propagate to the large radius jets.

All that must be specified ahead of time
is the small radius jet algorithm.

!
!

r 

r 

R 

∴ Every kinematic region of every analysis for every data-taking
condition can optimize the large radius parameter in order to maximize the
sensitivity to particular physics scenarios.

N.B. The set of jets above a threshold pT is IRC safe and so re-clustered jets inherit IRC safety.
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Re-clustered Jets

Small radius jets can only be reliably calibrated to a certain pT threshold.
This threshold scales with r , but is ∼ 20 GeV for r ∼ 0.4.

→ Even without further considerations, re-clustering grooms the jets.
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Also, the effective area (pileup sensitivity) of re-clustered jets is smaller.
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A Brief History in ... Re-clustering

Grouping small radius jets to form composite systems of objects has been
used for quite some time - for instance in forming mj1...jn for jets ji .

Re-clustering was pioneered in recent ATLAS SUSY searches:
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Figure 4: Jet multiplicity distributions for pmin
T = 50 GeV jets in the one-lepton tt̄ and

W + jets control regions (CR) for di↵erent b-jet multiplicities and a selection on M⌃
J >

340 GeV (4a) - (4b), and the M⌃
J distribution for an inclusive selection of seven jets with

pmin
T = 50 GeV (4c). Other details are as for figure 3.

the same criteria for Emiss
T /

p
HT, M⌃

J and the number of b-tagged jets are required. For

the M⌃
J stream these control regions are further split into regions with no b-tagged jets and

those with b-tagged jets to allow separation of contributions from W+jets and tt̄ events.

Provided the expected number of Standard Model events in the corresponding control re-

gion is greater than two, the number of observed events in that control region is used in a

fit to determine the Standard Model background as described in section 6. Distributions

of jet multiplicity for the leptonic control regions can be found in figures 3–4. In figure 4

the M⌃
J distribution for a leptonic control region is also shown.

The Z+jets control regions require two same-flavour leptons with an invariant mass

– 15 –

Inclusive multijets: MΣ
J =

∑
i re-clustered jet i mass
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Figure 3. Distributions in the semileptonic tt̄ control region of (a) Emiss
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b j j for SRA,
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Something New: Re-clustered Grooming

Example: re-clustered trimming (RT):

Drop all small radius r jets i re-clustered
into the radius R jet J if

pT ,i < fcut × pT ,J =
∑
j

pT ,j

Which adds a new parameter, fcut –
analogous to large radius jet trimming.

Small differences: fcut is applied to a jet
which has a small level of grooming
already applied and which has been
pileup corrected (not standard for the
LHC experiments).
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Recall: fcut can be optimized per
analysis and so can be pT (and
pileup) dependent.
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Re-clustered Trimmed Jets in Action

With low levels of pileup, there is not a large dependance on the radius r
jet algorithm.

As expected, RT jets with kt r = 0.3 jets and anti-kt R = 1.0 jets is nearly
identical to the large R trimmed analogue with the same parameters.
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Pileup Corrections

The modular structure of
re-clustering easily allows for

• Pileup calibrations via ρ× Aµ

for each radius r jet,

and any residual µ and NPV
corrections that are needed

• Pileup jet removal via any one
of many techniques.

e.g. JVF/JVT, pileup ID,
cleansing, etc.

to unit area. About 4% of subjets that have no associated tracks (corrJVF = �1) are omitted. Ungroomed
jets are selected that have a pT of at least 300 GeV, |⌘| < 1.5, and are matched in �R to the truth Z. The
corrJVF of the subjets is calculated from the associated hard-scatter and pileup tracks. Most subjets with
significant pT ratio also have large corrJVF, indicating that most of their charged pT comes from the
hard-scatter vertex. A large fraction of subjets with a low pT ratio < 5% (log10[psub

T /p
ungroomed
T ] < �1.3)

and a few subjets with a significant pT ratio, however, have small corrJVF values. Most such subjets
are consistent with pileup and should be excluded in a track-based jet grooming procedure. Similarly,
subjets with small pT ratio and large corrJVF that would be removed by calorimeter-based trimming,
should be kept by the track-based trimming algorithm.
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Figure 22: Distribution of the mass of the jet matched to the truth Z boson for di↵erent trimming con-
figurations based on corrJVF and fcut. The blue shaded histogram shows the ungroomed jet mass. (a) In
the histograms with magenta, blue and green markers, the groomed jet mass is computed from subjets
that satisfy a corrJVF > 0.6 requirement, i.e. excluding subjets from pileup interactions. In the blue and
green histograms, the subjets are further required to have psubj

T /p
ungroomed
T ( fcut) of at least 4% and 10%

respectively. (b) Distribution of jet mass for calorimeter- and track-based trimming configurations and
jet cleansing. The histogram represented by magenta markers shows the trimmed jet mass, where the
mass is computed from the subjets that have a psubj

T /p
ungroomed
T of at least 5% ( fcut = 0.05). For the green

and black histograms, jet cleansing is used.

In Figure 22(a), the performance of track-based grooming is evaluated by comparing the distribution
of jet mass for di↵erent subjet corrJVF cuts and combinations of corrJVF and fcut. The same selection
criteria7 as in Figure 21 are used for all track-based grooming configurations. For the 2012 pileup
conditions with an average of about 21 pp interactions per bunch crossing, an fcut of 4% in addition
to the requirement of corrJVF > 0.6 is found to optimize the mass resolution of the groomed jet. A
grooming configuration based solely on corrJVF (with no fcut applied) is found to be suboptimal.

Figure 22(b) compares the performance of the track-assisted grooming procedure with a recently
proposed jet grooming technique called “jet cleansing” [34]. Standard calorimeter-based trimming with
fcut = 0.05 is also shown for reference. In JVF cleansing, the 4-momentum of each subjet is scaled by
the subjet JVF, aiming to approximate the momentum of the subjet arising from neutral and charged

7The event selection e�ciency is about 80% for the considered signal.
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RT Jets with High Pileup

The distribution of pileup corrected (via ρ× Aµ) Large R trimmed jets
changes shape similarly to pileup corrected radius r jets, RT.
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C/A jets seem to perform the worst, but this may also be an fcut

dependent statement as the jet area varies by algorithm.
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Quantitative comparison - radius r jet algorithm

For r = 0.3 and fcut = 0.1,

• The average mass is NPV stable

• Window efficiency is NPV stable

• C/A has the highest window
efficiency, but worst resolution

NPV
20 40 60 80

 [G
eV

]
〉

m〈

50

55

60

65

70

75

80

85

90
 llqq'→ WZ →PYTHIA W' 

 = 0.8 TeV
W'

 = 14 TeV, ms

 < 300 GeV
jet

T
 R = 1.0, 200 GeV < ptanti-k

Large-R Trimmed

tRT anti-k
RT C/A

tRT k

r = 0.3
 = 0.1cutf

NPV
20 40 60 80

〉
 m

 
〈/

M
as

s 
R

M
S

0.02

0.03

0.04

0.05
 llqq'→ WZ →PYTHIA W' 

 = 0.8 TeV
W'

 = 14 TeV, ms

 < 300 GeV
jet

T
 R = 1.0, 200 GeV < ptanti-k

Large-R Trimmed

tRT anti-k
RT C/A

tRT k

r = 0.3
 = 0.1cutf

NPV
20 40 60 80

E
ffi

ci
en

cy
 in

 6
0 

<
 m

/G
eV

 <
 1

00

0.2

0.4

0.6

0.8

1

1.2  llqq'→ WZ →PYTHIA W' 
 = 0.8 TeV

W'
 = 14 TeV, ms

 < 300 GeV
jet

T
 R = 1.0, 200 GeV < ptanti-k

Large-R Trimmed

tRT anti-k
RT C/A

tRT k

r = 0.3
 = 0.1cutf

Benjamin Nachman (SLAC) Jets from Jets August 20, 2014 11 / 20



Determining the size of r

Aside from the algorithm type, the only parameter that must be decided
ahead of time is r .

Pros for smaller r

Less sensitive to pileup (scales with r 2)
Resolve finer structure

Cons for smaller r

Larger residual calibration (as r → 0,
back to topo-clusters and PF objects)
Detector granularity (r . 0.1)
Phenomenological modeling (r . 0.1)
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N.B. RT provides for a natural transition between ‘Large’ and ‘small’
radius jets, based on the number of re-clustered (radius r) jets.
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Quantitative comparison - small radius r

For anti-kt and fcut = 0.1,

• The average mass is NPV stable

• Window efficiency is NPV stable

• Smaller r is better in terms of
the resolution performance
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Background

So far, focused only on RT when
there is hard structure - what about
for the QCD background?

• Similar behavior for RT and
large R trimmed.

• Subtle differences that depend
on fcut and the algorithm.
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Re-clustering and Jet Substructure

Instead of the top-down approach to substructure, in the re-clustering
paradigm, there is bottom-up substructure.

Some variables come fully calibrated as a
result of the re-clustering process:

1 (Jet Mass)

2 Number of subjets

3 Number of b-tagged subjets

4
√

dij

For other variables, constituents are
inherited from the radius r jets.

1 N-subjettiness ratios τij

2 Width, energy correlations, pull, etc.
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RT Jet Substructure in Action

Qualitatively, similar structure when using the trimmed jet constituents
and the inherited radius r constituents in RT.

21τ
0 0.5 1 1.5 2

N
or

m
al

iz
ed

 to
 U

ni
ty

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2
PYTHIA

 = 0.8 TeV
W'

 = 14 TeV, ms

 < 300 GeV
jet

T
 R = 1.0, 200 GeV < ptanti-k

NPV = 80
 < 100 GeV

jet
50 GeV < m

Large-R
Trimmed

 llqq'→ WZ →W' 

Dijets

21τ
0 0.5 1 1.5 2

N
or

m
al

iz
ed

 to
 U

ni
ty

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2
PYTHIA

 = 0.8 TeV
W'

 = 14 TeV, ms

 < 300 GeV
jet

T
 R = 1.0, 200 GeV < ptanti-k

NPV = 80
 < 100 GeV

jet
50 GeV < m

tRT r = 0.3 anti-k
 = 0.1cutf

 llqq'→ WZ →W' 

Dijets

Benjamin Nachman (SLAC) Jets from Jets August 20, 2014 16 / 20



RT Jet Substructure: Quantitative Performance

For a fixed signal efficiency, the QCD
rejection is very comparable between RT
and large R trimming.

Some information is ‘lost’ in the removed
(sub)jets, which impacts both methods.

Alternative: assign constituents by ∆R
(drawback: increases pileup sensitivity)
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It is expected that for similar parameters, RT and standard trimming will
perform similarly - however in practice RT could outperform standard
grooming techniques because it can be optimized per pT bin.
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Data Storage and Speed

Though not the main motivation, there are further benefits in re-clustering
from a computational perspective†.

Storage

After computing ρ, there is no longer
a need to store calorimeter objects
not contained inside jets above the
pT threshold.

Speed

Fastjet is very fast! But if you have
m algorithms, then N log(N)
becomes MN log(N), whereas for
re-clustering, the additional step
takes ∼ no time.
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Figure 2: Time required to perform the clustering of N particles in FastJet 3.0.1 with the Best

strategy. The anti-kt, kt, and Cambridge/Aachen (C/A) native algorithms are shown, together with
the SISCone plugin. All use R = 0.7. Shown for an Intel i5 760 processor with 8 MB of cache. For
small N , N was varied by taking a single hard dijet event generated with Pythia 6 [51] and extracting
the N hardest particles. Large N values were obtained by taking a single hard dijet event and adding
simulated minimum-bias events to it. The results include the time to extract the inclusive jets with
pt > 5 GeV and sort them into decreasing pt.

provided on request.

If strategy is omitted then the Best option is set. Note that the N ranges quoted in table 2 for
which a given strategy is optimal hold for R = 1; the general R dependence can be significant and
non-trivial. While some attempt has been made to account for the R-dependence in the choice of
the strategy with the “Best” option, there may exist specific regions of N and R in which a manual
choice of strategy can give faster execution. Furthermore the NlnNCam strategy’s timings may depend
strongly on the size of the cache. Finally for a given N and R, the optimal strategy may also depend
on the event structure.

Illustrative timings for the Best strategy are shown as a function of N in figure 2 for the anti-kt,
kt and the Cambridge/Aachen algorithms. Results for the SISCone plugin are given for comparison
purposes. Kinks in the timings of the native algorithms are visible at the N values where there is a
switch from one strategy to another. There can be imperfections in this choice, e.g. as seen for the
kt algorithm near N = 20 000. While their impact is generally modest, depending on event structure
there can be cases where a manual choice of strategy can have significant benefits.

We note that there are a few places where there remains scope for timing improvements. In
particular at low N the overheads related to copying and sorting of a vector of PseudoJet objects are
a substantial fraction of the total time, and could be reduced. Additionally, for the Cambridge/Aachen
algorithm at moderate to large N , the use of multiple grid sizes could bring an O (1) benefit; for the
anti-kt algorithm one can envisage O (1) improvements at moderate to large N when N is dominated
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†Thanks to T. Farooque, M. Casolino, and A. Juste for pointing us to this side benefit!
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The Next Steps: Validating Calibrations

There are two effects which could lead to mis-calibrated re-clustered jets:

Thresholds Even though 〈preco
T ,r /ptrue

T ,r 〉 = 1, a non-zero resolution and a

falling pT spectrum can induce 〈preco
T ,R/ptruth

T ,R 〉 6= 1.
Nearby-jets Inclusively, 〈preco

T ,r /ptrue
T ,r 〉 = 1, but when jets are very nearby,

the response may differ from one on average.

These also impact large R groomed jets, but can be calibrated away.
→ Requires further study by the experimental collaborations.

7.2 Dijet Measurements 39
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Figure 34: Bias-corrected data measurements, compared to the generator-level MC (denoted as
MC-truth) pT resolution before (red-dashed line) and after correction for the measured discrep-
ancy between data and simulation (red-solid line) for CALO (top left), JPT (top right), and PF
jets (bottom) in |h| < 0.5.
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Figure 2: (a) Difference from unity of the ratio of data-to-MC of the track jet pT for non-isolated jets
divided by the track jet pT for isolated jets as a function of the jet pT. (b) Difference from unity of the
data-to-MC ratio of the relative response of non-isolated jets with respect to that of isolated jets as a
function of the jet pT. Distributions show the ratios for the four jet calibration schemes as described in
the text. Only statistical uncertainties are shown.

to quantify the track jet response uncertainty in the small Rmin range of R ≤ Rmin < R+0.1. The Atrack jet
close−by

has strong Rmin dependence, especially at small ∆Rmin range where the close-by jet overlaps the probe
jet, and the dependence is more significant for jets with R = 0.6. The agreement between data and MC
improves with increasing Rmin.

The calorimeter jet response relative to the matched track jet, rcalo/track jet, is investigated as a function
of pjet

T , and is turned into the non-isolated jet response relative to the isolated jet response, rcalo/track jet
non−iso/iso ,

for the data and MC simulation. The data-to-MC ratio Aclose−by of rcalo/track jet
non−iso/iso is shown in Fig. 2b as the

deviation from unity for the range of R ≤ Rmin < R + 0.1. As seen in the track jet response in Fig. 2a,
there is strong Rmin dependence on Aclose−by within the small Rmin range mentioned above. The deviation
of Aclose−by from unity is added in quadrature with the track jet response uncertainties obtained above to
get the overall JES uncertainties due to close-by jet effects. The convoluted uncertainty is about 3.5%
(10%) at Rmin < 0.5 (0.7) for R = 0.4 (0.6) jets with pT = 30 GeV, and becomes below 1% at Rmin above
0.8 for both sizes of jets. The uncertainty decreases with increasing jet pT and becomes about 2% (4%)
at Rmin < 0.5 (0.7) for R = 0.4 (0.6) jets with pT = 100 GeV.

8 Systematic uncertainties on the multijet balance

Two main categories of systematic uncertainties have been considered: those that affect the reference
pT of the recoil-system, and those that affect the MJB variables used to probe the leading jet pT due to
analysis cuts and imperfect MC modeling of the event.

The systematic uncertainty on the recoil-system is calculated taking into account the following ef-
fects:

• Absolute JES uncertainty - The standard absolute JES uncertainties obtained from the combina-
tion [27] of in situ γ-jet and Z+jet techniques are included for each jet composing the recoil-system.
Figures 3 and 4 show the MJB variations obtained by scaling the subleading jet energy and mo-
mentum scale by the amount of ±1σ for each of the individual systematic uncertainties in the γ-jet
and Z+jet calibrations, respectively, for the four jet calibration schemes. Each source of systematic
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Conclusions and Future Outlook

Re-clustering is a very modular paradigm for clustering jets

• The flexibility allows for jet
algorithm optimization per
analysis

• There is a natural scheme for
corrections, calibrations, and
uncertainties

• Re-clustering can accommodate
jet grooming

• Jet substructure is inherited
from the radius r jets NPV
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Its now up to the experimental collaborations to study re-clustering
as an alternative/complement for Run II and beyond!
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BACKUP
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