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Joint Theoretical-Experimental Workshop
on Jets and Jet Substructure

Goals:

• Bring theorists and experimentalists together in a forum to 
discuss challenging aspects of jet substructure:

• Experimental challenges in using jet substructure

• Comparison between jet substructure techniques

• Development of common, useful software tools

• Theoretical progress in understanding jets

Working groups:

• Jet substructure techniques, implementation, calibration

• Software tools for jet studies

• Theory developments in understanding jets



Topics for this summary talk

• Experimental challenges in using jet substructure

• Calibration of subjets, understanding effects of pileup and 
underlying event, MC issues

• Examples from some jet substructure techniques

• Example comparison of jet substructure tools: trimming and 
pruning

• Words on software development

• Jet superstructure

• Complementary to jet substructure, may be broadly useful



U of Washington Jet Workshop 

Top Tagging : Kaplan et al 

•! Cluster jets with C-A 
–! R : Function of sum pT of event 

•! Reverse cluster sequence 
–! Throw out soft clusters 

•! Fraction of hard jet pt < !p 

•! Repeat on clusters until one of: 
–! Both subjets are harder than !p (PASS) 

–! Both subjets are softer than !p (FAIL) 

–! Subjets are too close (FAIL) 
•! |!"| + |!#| < !r 

–! There is only one cell left (FAIL) 

•! Apply cuts: 
–! Total mass consistent with mtop 

–! 2 subjets consistent with mW 

–! W helicity consistent with top decay 

4 3 

2 1 

CMS study on top-tagging (from Johns Hopkins group) 
highlights substructure issues - and successes in 

implementing jet substructure techniques

Top-tagger 
designed to 
identify hard 

subjets in CA jet 
substructure, 

identify tops from 
these subjets

Sal Rappoccio



U of Washington Jet Workshop 

Top Tagging : CMS 
•! Cluster jets with C-A 

–! R : Function of sum pT of event 

•! Reverse cluster sequence 

–! Throw out soft clusters 

•! Fraction of hard jet pt < !p 

•! Repeat on clusters until one of: 
–! Both subjets are harder than !p (PASS) 

–! Both subjets are softer than !p (FAIL) 

–! Subjets are too close (FAIL) 
•! |!"| + |!#| < !r 

–! There is only one cell left (FAIL) 

•! Apply cuts: 

–! Total mass consistent with mtop 

–! 2 subjets consistent with mW 

–! W helicity consistent with top decay 

–! Minimum mass pairing of subjets consistent 
with W 

4 3 

2 1 

Wanted to have same

 tagger applied to 

semileptonic sample as well 

Found di-subjet min mass

 pairing more experimentally

 accessible 
(consulting with Brock) 

CMS study on top-tagging (from Johns Hopkins group) 
highlights substructure issues - and successes in 

implementing jet substructure techniques

Procedure 
augmented by 

CMS for use - but 
key elements still 

retained

Expect to happen 
for all substructure 

methods - important 
to communicate 

between theory and 
experiment!

Sal Rappoccio



U of Washington Jet Workshop 

Top Tagging : CMS 

Parton Level 

Reconstructed 

•! Discriminate top jets 
against non-top jets 

–! Top mass  

–! W mass ~ min di-subjet mass 

bq 

bq’ 

qq’ 

j1+j2 

j1+j3 

j1+j3 

Parton level kinematics very different from detector level 
- worry that correlations in the substructure can be lost

Top reconstruction 
efficiency does not 

suffer from decreased 
resolution! - cuts and 
background rejection 
changes, but tag rate 

robust

Sal Rappoccio



U of Washington Jet Workshop 

Experimental Challenges for Subjets 

How can we calibrate subjets? 

W candidates 

Significant over-correction 

Uncorrected Corrected 
CMS preliminary 

Jet energy scale correction does not apply to subjets - 
e.g., soft physics has been removed, smaller area

Possible that improved theory calculations can help here?

Can calibration 
through standard 

candle channels work?
e.g., EW+jet; can also 
add in heavy flavor 

tags to jets

Sal Rappoccio



ATLAS jet reconstruction 

!! Using calibrated topoclusters, ATLAS has a chance to use jets in a 

dynamic manner  not possible in any previous hadron-hadron 

calorimeter, i.e. to examine the impact of multiple jet algorithms/

parameters/jet substructure on every data set  
blobs of energy in  

the calorimeter 

correspond to 1/few 

particles (photons, 

electrons, hadrons); 

can be corrected 

back to hadron  

level 

rather than jet itself 

being corrected 

similar to running 

at hadron level in  

Monte Carlos 

Joey Huston emphasizes that using topo-clusters can 
offer a local calibration to study different algorithms and 

substructure methods on data sets 

These “dynamic” 
techniques with 
calibrated topo-
clusters could be 

tested with 
calibrated jets at 
known energies - 
Z decays or γ+jet

Joey Huston



Approaches to UE and PU corrections Introduction and description

Issues surrounding UE and pile-up effects on jets
Both UE and pile-up will affect the jet finding, reconstruction, calibration and hence
jet substructure analyses, the extent to which we can only begin to asses. Here are
several of the issues we will talk about today:

Jet energy scale (JES) and mass distortions
UE will augment (raise) the parton-level JES
Pile-up will augment (raise) the particle-level JES
Detector signal shaping for pile-up in ATLAS can also reduce the JES

Angular smearing
Angular resolution is degraded by the presence of additional soft radiation
Uncorrelated pile-up affects also particle-level pointing resolution
“Back-reaction” occurs when this smearing is sever enough to add or subtract
particles that otherwise would not have contributed

Diffuse and point-like contributions
Diffuse background radiation will also flatten structure like planar flow
Point-like component of min. bias (MB) will hinder the diffuse approximation

Spurious jets
Pure MB jets will affect jet multiplicity and isolation criteria
Close-by jets will increase, limiting JES precision even for sub-jets

D.W. Miller (Stanford, SLAC) Pile-up and UE at the LHC and their impact on jet substructure January 14, 2010 10 / 40
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Summary and conclusions

What we think we know about pile-up and substructure
...and what we’d like to know

So far...

Pile-up will be an issue for substructure analyses, but will it be dominant?
At the luminosities for H → bb: yes. Next year? No, but there will be
enough to start testing tools
Tracks provide a huge tool-box for finding, augmenting, and improving
calorimeter jets, even without the need for 1-1 track-particle correlations

For the future

Demonstrate–in data–the correlations and efficacy of track-based corrections
Measure the level of correlation between pruning scales (zcut, Dcut) and track
based quantities
Evaluate the scale(s) at which pile-up induces relevant sub-structures. Are
they reducible?
Can we use tracks to identify which jets and then prune?
Can we use JVF to tune zcut?

D.W. Miller (Stanford, SLAC) Pile-up and UE at the LHC and their impact on jet substructure January 14, 2010 39 / 40
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Comparing Pruning and Trimming

• Both techniques democratic regarding channel

• Comparison gives insight into how algorithms really operate on jet 
substructure

• Both methods based on well motivated theory principles - but 
their action on real jets is complex

• Identifying benefits and deficits can lead to better understanding 
of jet substructure

• Experimentally implemented jet substructure tools likely to be 
some mix of techniques, adapted to the detector and analysis

• FastJet plugins exist - easy to construct comparative analyses

• Driven improvements in analysis tools



Trimming

• Run a jet algorithm (kT) on a found jet, with angular scale Rsub 
smaller than the R value used for the initial jet

• Discard all subjets with pT < fcut Λhard

• fcut is a dimensionless parameter, Λhard a hard scale

• The remaining subjets form the new (trimmed) jet

• Filtering: same procedure as trimming, but keep the N hardest 
subjets (instead of a pT cut on subjets)

Krohn, Thaler, Wang
hep-ph/0912.1342

Trimming designed for use on QCD jets
e.g., heavy particle decay (with low boost) to 2 jets



Trimming
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Figure 7: Dijet resonance reconstruction with and without trimming using the anti-kT /VR and
anti-kT /VR (f , H) algorithms. The algorithm parameters are those that optimize the ∆ measure
of Eq. (4.3), as listed in Table 2. Also shown are solid curves fitted to the sum of S(m) and B(m)
from Eqs. (4.1) and (4.2), and dashed curves representing the contribution of B(m).

We see that trimming of any sort is useful in reconstruction. However, the difference
between trimming techniques is apparent. By using an algorithm with a pT cut determined
as a fraction of the original pT (i.e. the samples whose trimming is parameterized by an
fcut) we are able to see significant gains beyond what is possible using a fixed number of
subjets. This reflects the fact that the structure of the jet from a light parton is not known
a-priori, unlike the jets from boosted heavy particles, so it is advantageous to trim with
a direct subjet pT cut. We further note that at this stage, the difference between using
H and pT to set Λhard makes only a small difference in reconstruction, reflecting the fact
that for dijet events pT ≈ H/2. Below, we will see that the situation will change in more
complicated event topologies.

Before continuing, we remark that in Fig. 7, the dijet invariant mass distribution is
systematically shifted to lower values through the effects of jet trimming. This is to be
expected, given that the trimming procedure will necessarily result in some accidental
removal of FSR. To understand the size of the effect, note that in Table 2 we find an
optimized fcut of around 3% when we cut on the subjet’s pT relative to that of the seed
jet, and that the optimal Ncut for fixed-number cleaning is 5. Since the pattern of QCD
radiation from a light parton ensures us that the subjets follow a strong pT hierarchy, we
should only expect one or two subjets to be slightly below the 3% pT cut we have imposed.
This is enough to account for the roughly 5% shift in M that we observe.

4.2 Longer Decay Chains

Next, we consider the production channel gg → X → Y Y → gggg where mX = 1 TeV
and mY = 300 GeV. This sample is qualitatively different from the dijet reconstruction in
two ways: the final state is more crowded, and the final state jets can vary widely in pT

within the same event. The results from this reconstruction are presented in Table 3, and
the resulting mX and mY distributions are plotted in Fig. 8 and Fig. 9, respectively.

– 14 –

Improvement fcut, Ncut Rsub R0, ρ Γ [GeV] M [GeV]
anti-kT - - - 1.0∗ 71 522

anti-kT (N) 40% 5∗ 0.2∗ 1.5∗ 62 499
anti-kT (f , pT ) 59% 3× 10−2∗ 0.2 1.5 52 475
anti-kT (f , H) 61% 1× 10−2∗ 0.2 1.5 50 478

VR 30% - - 200∗ GeV 62 511
VR (N) 53% 5 0.2 275∗ GeV 53 498

VR (f , pT ) 68% 3× 10−2 0.2 300∗ GeV 49 475
VR (f , H) 73% 1× 10−2 0.2 300∗ GeV 47 478
Filtering 27% 2 R0/2 1.3∗ 61 515

Table 2: Comparison of dijet resonance reconstruction using trimmed and untrimmed algorithms.
The first column specifies the algorithm, the second lists the change in ∆ over untrimmed anti-kT

(second row), the third lists the relevant trimming parameters, the fourth contains the subjet radius,
the fifth the seed jet parameters, the sixth the fitted width, and the seventh the fitted mass. For
each algorithm, we have optimized those parameters denoted by a ∗, while the rest have remained
fixed.

4.1 Heavy Resonance Decays

The simplest test of a jet algorithm is how it reconstructs a heavy resonance decaying to
the two jets. As in Sec. 2, we use the process gg → φ→ gg where φ is a color octet scalar
with mφ = 500 GeV.

The results of this reconstruction are presented in Table 2. Here we are interested
primarily in two different comparisons: untrimmed algorithms versus those trimmed using
an fcut (so as to measure the full potential for improvement in reconstruction), and those
trimmed using an Ncut to those using an fcut. Now, the more parameter choices one
optimizes in an algorithm the more that algorithm stands to gain from arbitrary statistical
fluctuations. To guard against this and ensure that the first comparison above is fair, we
fully optimize the anti-kT (N) algorithm, using the resulting best choices of Rsub and R0 as
inputs to our optimization of anti-kT (f), for which we only optimize a single parameter:
fcut. The result is a fair comparison of untrimmed algorithms to those trimmed with an
fcut, and a comparison of Ncut to fcut trimming where Ncut trimming is given a statistical
advantage.16

Several algorithms and trimming procedures are presented in Table 2. We have in-
cluded untrimmed anti-kT , anti-kT with a cut on the momenta of kT subjets (set relative to
both the jet’s pT and the event’s effective mass), anti-kT with a fixed number of kT subjets,
and for comparison with previous techniques anti-kT with two C/A subjets of half the seed
jet radius (i.e. the filtering procedure of Ref. [7]). Both trimmed and untrimmed VR jets
are also included. In Fig. 7, we display the reconstructed φ mass using both trimmed and
untrimmed anti-kT and VR algorithms.

16For the VR algorithms we will take the anti-kT optimized R0, fcut, and Ncut as inputs (R0 will set

Rmax) and optimize the ρ parameter.
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Color octet scalar
 φ→gg : 2j final state

Trimming yields 
improvements in 
pulling S from B

boosted heavy particles to one specifically aimed at light parton jets, we can realize signif-
icant additional gains. Further, using a measure of hardness well suited to the kinematics
of an event can make almost as big a difference in reconstruction as to the decision to trim
in the first place.

Our results confirm our intuitions from Sec. 2 that trimming partially resolves the
jet-size/contamination tradeoff. For the anti-kT algorithms, the optimal R0 value in the
trimmed sample is systematically larger than the optimal R0 value in the untrimmed
sample. Similar conclusions hold for VR, with the jet size parameter ρ being larger in
the trimmed samples.15 We will find that background dijet distributions are not increased
through the use of a large initial radius, and may even be reduced in some cases. Finally,
as expected, the active jet area [4] is substantially smaller in the trimmed sample.

To quantify reconstruction performance, we will fit reconstructed invariant mass dis-
tributions to a sum of two distributions (similar to what was done in Ref. [11]):

S(m) = α

[
1 + β(m−M)

(m2 −M2)2 + Γ2M2

]
, (4.1)

B(m) = δ + γ/m, (4.2)

where δ and γ are restricted to be ≥ 0. Here S(m) is a skewed Breit-Wigner distribution
and B(m) is a background-like falling distribution. We quantify signal reconstruction via
the measure

∆ ≡ S(M) =
α

Γ2M2
, (4.3)

i.e. the peak height of the S(m) curve. While other measures of reconstruction perfor-
mance would be equally reasonable, this measure favors algorithms reconstructing a tall
S(m) of narrow width, and has the advantage of not introducing any arbitrary parameters
beyond the fitted functional form. Note that this reconstruction measure does not attempt
to reward algorithms that get the right peak position, and we will see a corresponding
systematic invariant mass shift in using trimmed jets.

For simplicity of discussion, we only consider processes with initial/final state gluons.
From Table 1, we see that improvements are certainly possible when these are replaced
with light quarks, and all of our conclusions regarding the optimal trimming method will
hold there as well. It is important to remember, though, that quarks have a lower effective
color charge then gluons and thus produce less QCD radiation. Thus, for light quarks one
expects (and we found) a diminished optimal untrimmed jet radius and a lower potential
improvement achievable through trimming.

Finally, one should keep in mind that while the improvements we find are the result of
well understood physical effects, the precise values of the trimming parameters will change
somewhat when the Monte Carlo tuning is adjusted to account for LHC data. Thus, while
the parameters below will provide a reasonable guide to what should be used at the LHC,
the exact values will need to be inferred from a iterative process of Monte Carlo tuning to
standard candles.

15In VR algorithms, the radius of a jet is approximately R ≈ ρ/pT , where pT is the jet’s transverse

momentum.
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Trimming Example: QCD Jet

11 subjets found
3 remain after pT cut:

pTsubjet > 0.03 pTjet = 18 GeV

412 GeV

122 GeV

45 GeV
pT of subjets removed:
7, 6, 4, 4, 1, 1, 1, 1 GeV

0.1x0.1 cells (y,φ)

Trimming designed to remove 
soft, isolated subjets through 

“pre-clustering”



Pruning

• Run CA or kT algorithm on the found jet, and at each 
recombination test if:

• z < zcut and ΔR > Dcut

• zcut = 0.10 for CA, 0.15 for kT; Dcut = mJ/pTJ 

• If so, veto on the recombination - discard the lower pT daughter 
and continue

• The resulting jet is the new (pruned) jet

Ellis, Vermilion, JW
hep-ph/0903.5081
hep-ph/0912.0033

Pruning designed to identify jets from boosted heavy particles
i.e., heavy particle decay (with large boost) to 1 jet
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Pruning on tops:

• Plot relative width, 
efficiency, S/B, S/sqrt(B) 
using a constant D = 1.0

• Variables are relative: 
improvements for pruning 
over not pruning

• Relative width is the 
improvement in mass 
resolution - at high pT, 
pruned top mass width is 
40% of unpruned

• Pruning shows consistent 
improvements, dramatically 
increasing at high pT

• Statistical error bars shown
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Pruning Example: QCD Jet

0.1x0.1 cells (y,φ)

Pruning designed to remove 
soft, isolated parts of jet 

substructure during 
re-clustering

Keeps hard core of QCD jet, 
removes softer, wide angle 

radiation

Quantify the difference by 
looking at jet shape variables

kept cells
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! Planar flow is another jet shape designed to measure how 
plane/pencil like a jet is.

! Defined as normalized product of two jet moments:

Planar Flow

!L. G. Almeida et al., Substructure of high-pT Jets at the LHC, Phys. Rev. D79 (2009) 074017, [0807.0234].

!J. Thaler and L.-T. Wang, Strategies to Identify Boosted Tops, JHEP 07 (2008) 092, [0806.0023]

Pf =
4λ1λ2

(λ1 + λ2)2
Ikl
w =

∑

i

Ei
pi,k

Ei

pi,l

Ei

Pf ! 1Pf ! 0

David Krohn



Planar Flow
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Planar flow: more sensitive to jet substructure details
non-FSR skews PF to high values - most cut back

David Krohn
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• Trimming corrects back to the FSR-only shape better

• Pruning over-corrects somewhat 

• Larger jet areas indicate it is not so simple - pruning is not 
removing “more” of the substructure than trimming, it is removing 
different parts

• Trimming is a local operation - objects clustered into subjets and 
trimmed or kept - similar to operations with topological clusters 

• Pruning operates over the whole jet, and uses the algorithm to 
determine what to keep - seems better for reconstructing decays

• Can parameters of the algorithms be tuned to give similar behavior? 
Or merged into an algorithm good for both types of uses?

• Current comparison work by groups at Princeton, UW, Oregon

Comparison conclusions



• Pruning/Trimming comparison a good context for development of 
better jet analysis software

• FastJet plugins exist for both algorithms - easy to make jets - but how 
to compare?

• SpartyJet framework discussed, used extensively at workshop

• Works as a wrapper for FastJet, allows user to run jet-related 
analysis

• Jet substructure classes being developed in SpartyJet

• Can work with different versions - original, pruned, trimmed - of a jet

• Access to a wide variety of substructure observables without writing 
the framework yourself

• At UW, pruning and trimming comparison being done with SpartyJet

Software Development
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P. Loch

U of Arizona

October 13, 2009
Modeling

Detector defaults
EM acceptance -2.5 < eta < 2.5

Photons/electrons outside are mapped onto HAD towers

HAD acceptance -5.0 < eta < 5.0
Particles outside are ignored completely

Cylindrical calorimeter
R = 1200 mm, -2500 mm < z < 2500 mm

High granularity
0.025 x 0.025 (EM)

0.1 x 0.1 (HAD)

Shower shapes
Presently Gaussian within cylinder

Lateral extend /cylinder radius 80 mm for EM particles (also 
in HAD grid!)

160 mm for all others

Gaussian showers are too wide, this is just a simplification!

Energy distributed in small “spots”

!

P. Loch

U of Arizona

October 13, 2009
Sanity Checks!

P. Loch

U of Arizona

October 13, 2009
Sanity Checks

!

P. Loch

U of Arizona

October 13, 2009
Radial Smearing

Simple radial energy distribution in tower 

grids

Ignore longitudinal development

Particle energy distributed transverse to direction of flight of 

particle in a plane through the particle impact point into the 

calorimeter

Shape of distribution from experiment/full simulation

Integrated energy in profile is the same as particle energy

No calibration/acceptance/smearing of energy

Distributed energies projected into regular eta/phi grid 

within modeled detector acceptance

Fakes calorimeter tower signal definition, including high eta 

losses

Different grid and eta acceptance for EM particles

Advanced theorist’s detector - 
from Peter Loch

Only relies on a FastJet header 
file and STL! Simple, portable

Peter Loch



Dangers of Jet Substructure from Monte Carlo
• Words of caution from Steve Mrenna:

• Jet substructure will depend on physics that the MC doesn’t get 
right (subleading effects)

• Different MCs can give widely different results

• Not well understood what physics details substructure 
techniques depend on

• Parton shower development can be fueled by theory calculations 
and more detailed substructure studies

cdlogo

When does Pythia go wrong?

Stephen Mrenna (FNAL) UWash Substructure WS 01/13/10 2 / 25

Has the bridge already broken?  It’s hard to tell...



Seeing in color: Matt Schwartz

Jet Superstructure:

• Combines radiation pattern inside jets with global 
event structure to distinguish between processes

• Defines observables to tag jets as color connected 
to the beams or another central jet

• QCD radiation occurs inside color dipoles

Matthew Schwartz and Jason Gallicchio
(arXiv:1001.5027)
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Seeing in Color: Jet Superstructure

Jason Gallicchio and Matthew D. Schwartz
Department of Physics Harvard University Cambridge, MA 02138, U.S.A

A new class of observables are introduced which aim to characterize the superstructure of an
event, that is, features which are not determined by the jet 4-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 tool for distinguishing previously irreducible backgrounds at the LHC.

Hadron colliders, such as the LHC at CERN, are fab-
ulous at producing quarks and gluons. At energies well
above the confinement scale of QCD, these colored ob-
jects are produced in abundance, only hadronizing into
color-neutral objects when they are sufficiently far apart.
As a first approximation, the observed final-state hadrons
collimate into jets which are in one-to-one correspon-
dence with hard-partons from the short-distance inter-
action. In fact, this description is so useful that it is usu-
ally 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.

This description breaks down in certain situations,
such as when an unstable particle with a large trans-
verse momentum decays into two quarks; then, the re-
sulting jets may be hard to distinguish separately, and
one needs to carefully reconsider this jet-to-parton map-
ping. Or, if multiple interactions of the colliding hadrons
produce a lot of extra radiation, the energy of the re-
constructed jet may not optimally represent the energy
of the hard parton. Over the last few years, a number
of improved jet algorithms and filtering techniques have
been developed to optimize the jet-to-parton mapping [1–
5], with experimentally-endorsed successes including re-
viving a Higgs to bb̄ discovery channel at the LHC [2]
(implemented by ATLAS [6]) and making top-tagging
as reliable as b-tagging [3] (implemented by CMS [7]).
Nevertheless, there is still a horde of information in the
events which these substructure techniques ignore. Jets
have color, and are color-connected to each other, pro-
viding the event with an observable and characterizable
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
form Tr[TATB]Tr[TCTD], where TA are generators of

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

the fundamental representation of SU(3), A and B in-
dex 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 bi-fundamentals,
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.

In the typical jet-to-parton matching approach, the
jets are written as 4-momenta pµJ which are supposed to
match to the 4-momenta of partons in the hard process.
Background events with parton-level 4-momenta identi-
cal to a signal event are considered irreducible. It follows
that if we are able to extract information about the color
flow of an event, it will be complimentary to the infor-
mation in the jets’ 4-momenta and therefore may make
these backgrounds more reducible.

In order to extract the color information of an event,
it 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 par-
ton showers [8, 9]. In these simulations, the color dipoles
are allowed to radiate through Markovian evolution from
the large energy scales associated with the hard interac-

Boosted color singlet decays 
are largely color-disconnected 

from the rest of the event

QCD background events are 
more color-connected
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Signal (Higgs) events have most of their radiation between 
the central jets, background (dijet) events have radiation 

towards the beam (higher rapidity)

η

φ
→→

Study color 
connections using 

Monte Carlo

Parton shower 
single parton 
configurations 

millions of times, 
map radiation 

pattern

Matt Schwartz



Quantify with Observables: Pull
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!ri = (yi, φi) − (yJ , φJ)

Pull is a pT- 
weighted vector 
describing the 
direction of 

radiation in a jet 
wrt the jet 

centroid (~axis)

Jets color-connected to the beam have pulls towards large rapidity 
Centrally color-connected jets have “central” pulls

Signal

S

B

Background
Matt Schwartz



Pull Angle

!p =

∑

i∈J

pi
T
|ri|

pJ
T

!ri

!ri = (yi, φi) − (yJ , φJ)

The magnitude of pull 
is not very informative 

- but the angle is

2

Signal Background

−π

π

η

φ

−−−

0

0 11 22 33
η

−−− 0 11 22 33

FIG. 2: Accumulated pT after showering a particular par-
tonic phase space point multiple 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.

tion to the lower energy scale associated with confine-
ment. These emissions transpire in the rest frame of
the dipole. When boosting back to the lab frame, the
radiation appears dominantly within an angular region
spanned by the dipole, as indicated by the arrows in Fig-
ure 1. Alternatively, an angular ordering can be enforced
on the radiation (as in herwig [10]). The parton shower
treatment of radiation attempts to include a number of
features which are physical but hard to calculate analyt-
ically, such as overall momentum and probability conser-
vation or coherence phenomena associated with soft ra-
diation. This modelling of color-connections appears to
agree fairly well with experimental data [11–13], and so,
as a first pass, we will attempt to extract the color infor-
mation using Monte Carlos. Our benchmark calculator
will be madgraph [14] for the matrix elements inter-
faced to pythia 8 [15] for the parton shower, hadroniza-
tion and underlying event, with other simulations used
for validation.

For our 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 in
azimuthal angle, φ. To begin, we isolate the effect of the
color connections 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 (signal) versus color-connected to the beam (back-
ground). In Figure 2, we show the distribution of radia-
tion for a typical case, where (η,φ) = (−0.5,−1) for one
b and (η,φ) = (0.5, 1) for the other, with pT = 200 GeV
for each b, where η is the pseudorapidity. For this figure,
we have showered and hadronized the same parton-level
configuration over and over again, accumulating the pT
of the final-state hadrons in 0.1× 0.1 bins in η−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

Signal Pull Background Pull

θp

|%p|

−π π

0.04

0.02

0
0

θp
−π π0

FIG. 3: 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 η = −∞ beam) is on the right.

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. There are a number of ways to weight the momen-
tum, such as by energy or pT , and to define the center the
jet. These are all basically the same, but we have found
that the most effective combination is a pT -weighted vec-
tor, which we call pull, defined by

#p =
∑

i

piT |ri|
pjetT

#ri . (1)

Here, #ri = #ci − #J , where #J = (yJ ,φJ) is the position of
the jet and #ci is the position of a cell or particle with
transverse momentum piT . Note that we use rapidity yJ
for the jet instead of pseudorapidity (η); because the jet
is massive this makes #ri boost invariant (rapidity and
pseudorapidity are equivalent for the effectively massless
cells/particles, #ci). The position of the jet #J is defined
so that the centroid (Eq. (1) without the |ri| factor) van-
ishes. The centroid is usually almost identical to the
location of the jet 4-vector in the E-scheme (the sum of
4-momenta of the jet constituents).
The event-by-event distribution of the pull for the left

b-jet from Figure 2 is shown in Figure 3 in polar coor-
dinates, #p = (|p| cos θp, |p| sin θp), where θp = ±π points
towards the left-going beam, and θp ≈ 0.7 toward the
other b̄-jet. This figure shows density plots of the #p dis-
tributions on an event-by-event basis for the signal and
background cases for this particular fixed parton-level
phase space point. For this figure, we use as input the
4-momenta of all long-lived observable particles. If in-
stead, we use the hadronic energy in 0.1×0.1 cells treated
as massless 4-vectors, the distribution of pull vectors is
nearly identical.
We can see that most of the discriminating informa-

tion is in the pull angle, θp, rather than the norm |#p|.
This leads to Figure 4, which shows the distribution
of the pull angle for the signal and the background in
this particular kinematic configuration. This figure also

Beam BeamCentral

3

θp

signal

background

other
pythia6
pythia8

herwig++

−π π
0

0

1

2

FIG. 4: Distribution of the pull angle (for the b-jet) with
∆ηbb̄ = 1 and ∆φbb̄ = 2, for signal (black) and background
(blue), showered with different Monte Carlos.

shows that the pull vector is not particularly sensitive to
the Monte Carlo program used to generate the sample;
the pull angle distributions for herwig++ 2.4.2 [10],
pythia 8.130 [15], and pythia 6.420 with the pT -
ordered shower [8] are all quite similar.
The previous three figures all have the parton momen-

tum fixed. Similar distributions result from other phase
space points. We fixed the parton momentum to show
the usefulness of pull in situations which would be in-
distinguishable using the jet 4-momenta alone. This ex-
ercise controls for correlations between pull and matrix-
element-level kinematic discriminants. Also, note that
there is another possible color-flow for the background
events, where the left-going jet is color-connected to the
right-going beam. Then, the most-likely pull angle would
be more similar to the signal. Fortunately, this only oc-
curs about 10% of the time for the dominant background,
but serves as a reminder that the usefulness of pull for a
particular event depends on its kinematics.
The next step is to see if pull is useful given the

full distribution of signal and background events at the
LHC. The pull angle for the full ZH → Zbb̄ signal and
Zbb̄ backgrounds still presents a strong discriminant, as
can be seen in Figure 5. Here, we have performed a
full simulation with madgraph 4.4.26 [14] and pythia

8.130 [15], including underlying event and hadronization.
We choose a parton level cut of pT > 15 GeV for the
b quarks, find the jets with the anti-kT algorithm with
R = 0.7, require the reconstructed mass to be within a
20 GeV window around the Higgs mass (120 GeV), and
construct the pull angle on the radiation within each jet.
Next, let us consider some other possibilities. It is nat-

ural to look at higher moments, such as those contained
in the covariance tensor

C =
∑

i

piT |ri|
pjetT

(

∆η2i ∆ηi ∆φi

∆φi ∆ηi ∆φ2
i

)

. (2)

The eigenvalues a ≥ b of this tensor are similar to the
semi-major and semi minor axes of an elliptical jet. The
overall size of these g =

√
a2 + b2 provides a decent char-

acterization of whether the jet is initiated by a quark or

Pull of Higher pT b Pull of Lower pT b
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0
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FIG. 5: Pull angles in the b or b̄-jet in HZ → Zbb̄ signal
events and their Z + bb̄ backgrounds. For each event, θp = 0
is shifted to point toward the other b-jet.

gluon. Gluon jets, since they cap two color dipoles, gen-
erally have more radiation and lead to jets with larger
values of g. However, g is strongly correlated with the
mass of a jet and the mass-to-pT ratio. Since mass and
pT are contained in the jet 4-momentum, this measure of
size is not likely to provide a new handle for irreducible
backgrounds.
Other combinations of second-moment eigenvalues,

such as the eccentricity e =
√

(a2 − b2)/a seem much less
useful. While one might expect gluon jets to be fairly el-
liptical, due to their being pulled in two directions, in
fact quarks turn out to be equally elliptical; we have not
found a significant difference in the eccentricity of quark
and gluon jets. Going to third or higher moments is
straightforward, but serves no immediate purpose.
We conclude that the pull angle is the most useful

moment-type observable for determining the color su-
perstructure of an event. Besides moments, one could
attempt to use use more global observables, such as the
amount of radiation around or between jets. Such an ap-
proach is in principle promising, but the analysis would
have to be very process-dependent. A nice feature of pull
is its universality. Although we have used as a canoni-
cal example Higgs production in association with a Z
boson, the pull angle can be used to characterize any
process with jets. For example, one application would
be in cascade decays from new physics models, such as
supersymmetry. There, one often has a large number of
jets and missing energy, with the 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?
If the jets can be paired through their superstructure
color-connections, this could greatly enhance our ability
to decipher the events. In fact, for practically any new
physics scenario involving jets, finding the color connec-
tions would be very helpful, and the pull angle provides
a simple tool to extract this information.
In order to apply superstructure variables to new

physics searches, it will be critical to first validate them
on standard model data. One useful class of events is

pull angle distribution for 
fixed parton configuration

Jet Superstructure paper



Higher Moment Observables
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yields eigenvalues→

girth:

eccentricity: - no clear use

- size of jet
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Use girth for
quark vs. gluon 
jet separation

The radiation pattern will depend 
on the color charge of the jet and 

the event topology
- observables can sort this out 

Matt Schwartz



Advantages of Jet Superstructure

• Largely orthogonal to other observables

• Uses inter-jet measures for discrimination

• Could be combined with fat-jet substructure (e.g., the 
Higgs filter) to identify color singlet decays

• Very straightforward application in clean events

• Easy to calibrate from Z production

• Would learn something about shower reconstruction in a 
detector in applying to real events

• The “pull” observable may be calculable for simple event 
topologies

• Calculable in SCET? - the technology is developing rapidly



Homework (for Boost 2010)

• Continue comparisons of jet substructure techniques

• Public samples exist, public code exists for several substructure 
techniques

• David Miller exploring using trimming/pruning for pileup reduction, 
other tests (e.g., Z reconstruction) started at workshop

• Groups are currently comparing pruning and trimming - David 
Krohn, Chris Vermilion, Michael Spannowsky and others

• Continue theory-experiment interaction on applications of jet 
substructure

• Uncertainty on how to calibrate jet substructure

• New applications can benefit from discussion 
- e.g., pileup reduction using trimming/pruning



Homework (for Boost 2010)

• Continue software development to integrate jet substructure and 
analysis tools

• SpartyJet being developed into a more full-fledged analysis suite

• FastJet plugins part of a universal software set

• Peter Loch’s basic detector code useful for theorists to study 
basic detector effects

• Theory working group

• Compare formulations for resummation in QCD and SCET of 
event shapes

• Current Stony Brook/Berkeley/Washington collaboration

• Find observables to better understand jet substructure, involves 
understanding role of jet algorithms



Summary

• Workshop was successful in bringing together theorists and 
experimentalists to discuss important aspects of jet substructure

• Successful implementation of jet substructure requires 
collaboration between both groups

• Issues raised for both experimentalists (calibration, 
performance after detector simulation) and theorists (how do 
tools compare, ensure techniques robust)

• Positive discussions, progress

• Wiki forum for continued collaboration:

http://librarian.phys.washington.edu/lhc-jets/

• Boost 2010 should bring more developments!

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


