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Figure 4: Comparison of a jet formed from the decay of a boosted heavy particle (left) with one

from the showering of light flavor/gluons (right). Specifically, the left hand panel shows the jet

formed from h → bb̄ while the right is a gluon jet. The (x, y)-axes are (y, φ)-distances as measured

from the jet center and the area of each calorimeter cell is proportional to its pT .

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

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

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

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

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

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

different subjet pT cuts for different kinematic regimes. The second difference is that there

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

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

differences in mind, we can now define our jet trimming procedure.

3. Implementation

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

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

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

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

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

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

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

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

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

the authors upon request.
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✤ Boost 2011, Princeton [5/22-5/26]
Goal: Study jets from boosted heavy objects, as well as exotic jets (lepton jets, etc.).

http://boost2011.org

Upcoming Jet Conference

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

✤ At the LHC, even particles we normally regard as heavy (t/W/Z/h) 
can be so energetic their decay products are resolved in a single jet.

✤ This might seem like a problem, but in fact these jets look very 
different from the jets of ordinary QCD!

✤ By looking at the radiation distribution inside a jet we can try to 
recover some of the original heavy particle’s properties (identity, 
polarization, color structure, etc).

✤ Remarkably, not only can we recover information on the jet’s 
properties, but in some cases by looking in the boosted region we can 
actually do better than conventional analyses.



Introduction to Jets and Jet 
Algorithms



What is a Jet?

✤ A jet is a kinematical object we construct from collider data. 

✤ Specifically, jets are collections of hadronic four-vectors used to 
approximate the kinematics of the hard scattering in a collider 
event.

✤ They help us map things we cannot easily calculate (the exact energy 
distribution in the calorimeter) to things we can (perturbative 
Feynman amplitudes)



What we calculate What we measure

Jets make this 
correspondence

Hadrons

Hadrons

Event picture from http://atlas.ch/photos/events.html

http://atlas.ch/photos/events.html
http://atlas.ch/photos/events.html


Jet
Jet

Hadrons are 
clustered 

together to 
make jets



Types of Algorithms

✤ There are two main classes of jet algorithm

✤ Sequential recombinations

✤ Combine four-momenta one by one

✤ Cone algorithms

✤ Stamp out jets as with a cookie cutter

Focus on these



Sequential Recombination

✤ Define a distance measure between every pair of four-momenta in an 
event (jet-jet distances)

✤ Define a distance measure for each four-momenta individually (jet-
beam distances)

dij

diB



✤ If smallest distance at any stage in clustering is jet-jet, add together 
corresponding four-momenta

✤ Otherwise take jet with smallest jet-beam distance and set it aside

✤ Repeat till all jets are set aside
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Standard Recombination 
Algorithms

✤ kT algorithm

✤ C/A algorithm

✤ anti-kT algorithm
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Ti, p

2
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A BABAB

anti−kT kTC/A

Approximate Jet Behavior:

pTA > pTB

Hard to Soft Soft to HardNear to Far



Practical Aside: Fastjet

✤ Nearly everyone who works with jets uses Fastjet
✤ Fastjet is a well written C++ framework for clustering jets
✤ Download: http://www.lpthe.jussieu.fr/~salam/fastjet/

✤ Advantages:
✤ Very well documented and supported
✤ Easy to cluster and unwind jets
✤ Nearly all standard algorithms supported
✤ Support for plugins (e.g. pruning/filtering/trimming/VR, etc.)

http://www.lpthe.jussieu.fr/~salam/fastjet/
http://www.lpthe.jussieu.fr/~salam/fastjet/


Boosted Heavy Objects and their 
Identification



Kinematics of Boosted Particles

✤ The cone containing the decay products of a particle scales as

✤ At LHC energies, even the heaviest particles we know of (Top, W, Z, 
Higgs) can become collimated (roughly R < 1).  

✤ When this happens we say that they’re “boosted”.

✤ So we find that EW scale particles are clustered as a single jet as soon 
as their pT exceeds a few hundred GeV.

R ∼ 2mX

pT



Here one can see the effect - as we boost more and more (i.e. go 
to higher pT), the particles become more collimated.



Figure source:  http://www.pha.jhu.edu/groups/particle-theory/seminars/talks/F08/Yumiceva.pdf

Francisco Yumiceva   09/08/08 Boosted Top 26
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http://www.pha.jhu.edu/groups/particle-theory/seminars/talks/F08/Yumiceva.pdf
http://www.pha.jhu.edu/groups/particle-theory/seminars/talks/F08/Yumiceva.pdf


What can we say about these jets?

✤ Internally, QCD jets look really different than the jets of boosted 
heavy objects.

✤ If we start with a high energy gluon/quark, it wants to emit soft/
collinear gluons:

Here P(z) measures how much a particle wants to emit another with 
energy fraction “z” (Altarelli-Parisi splitting fcns.).  

For unpolarized measurements, the φ-dependence is uniform, so the phase space of M → AB
is characterized by two independent quantities QM and cos θ. In order to study the QCD soft
singularity, the natural variables for fat jets are the invariant mass QM and some energy sharing
variable z = EA/EM ,13 and in general there will be a Jacobian d cos θ/dz in the transformation
from cos θ to z.

If z is interpreted strictly as EA/EM , then two-body kinematics restricts the range for z to
be
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where βM is the boost magnitude from the M center-of-mass frame to the lab frame. Because
these limits depend on QA and QB , in a parton shower with multiple emissions, the correct z
limits on M → AB can only be determined after one knows how A and B will split which sets
the values of QA and QB. In particular, a value of z that satisfies Eq. (20) for QA,B = 0 might
be invalid for QA,B > 0. There are various ways to deal with this ambiguity [23], and most
parton showers employ some kind of momentum reshuffling procedure, but it means that the
interpretation of z in dfM→AB can depend on QA and QB in a non-trivial and algorithm-specific
way.

We can now compare the differential distributions dfM→AB between the narrow width ap-
proximation and QCD radiation. In the narrow width approximation, the mother M is exactly
on-shell:

dfNWA
M→AB =

dQ2
M

2π

dΦM→AB
2

V2
Br(M → AB)δ(Q2

M − m2
M ), (21)

where V2 ≡
∫

dΦ2 is the volume of two-body Lorentz invariant phase space, which depends on
the masses of A and B. Note that dfNWA is uniform in cos θ.

In the soft-collinear QCD case, one can use a parton shower language [23] where the nat-
ural variables are the evolution variable µ and the energy sharing variable z, both of which
are functions of {Q2

M , cos θ}. Unlike the narrow width approximation, the parton M is never
on-shell, and its off-shellness is determined by the evolution variable µ(Q2

M , cos θ). Using unpo-
larized splitting functions defined in terms of the energy sharing variable z(Q2

M , cos θ), the QCD
splitting is described by

dfQCD
M→AB = d log µ2 dφ

2π
dz

αs(µ)

2π
PM→AB(z)∆(µstart, µ), (22)

where PM→AB(z) are the usual Altarelli-Parisi splitting functions [20]

Pq→qg(z) = CF
1 + z2

1 − z
,

Pg→gg(z) = CA

[

1 − z

z
+

z

1 − z
+ z(1 − z)

]

,

Pg→qq̄(z) = TR

[

z2 + (1 − z)2
]

, (23)

and ∆(µstart, µ) is a Sudakov factor [35]

∆(µstart, µ) = exp

[

−
∑

AB

∫ µstart

µ

d log µ′

∫

dφ

2π

∫

dz
αs(µ′)

2π
PM→AB(z)

]

. (24)

13In the main body of the text, we define z as min(EA, EB)/EM since A and B are indistinguishable. Here, A
and B have meaningful quantum numbers, so it makes sense to talk about z = EA/EM .

24



✤ In contrast, a high energy heavy particle (W/Z/t/h) 
just decays - it has no singularity.
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Figure 4: Comparison of a jet formed from the decay of a boosted heavy particle (left) with one

from the showering of light flavor/gluons (right). Specifically, the left hand panel shows the jet

formed from h → bb̄ while the right is a gluon jet. The (x, y)-axes are (y, φ)-distances as measured

from the jet center and the area of each calorimeter cell is proportional to its pT .

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

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

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

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

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

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

different subjet pT cuts for different kinematic regimes. The second difference is that there

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

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

differences in mind, we can now define our jet trimming procedure.

3. Implementation

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

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

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

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

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

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

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

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

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

the authors upon request.
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QCD JetBoosted Heavy Particle

Hard splitting, energy shared equally Softer splittings.  Unequal sharing of energy 
(note only one hard center)



✤ Moreover, QCD jets have a continuum mass distribution, while the 
jets of boosted heavy particles have a fixed mass.

✤ These will form our main tools as we study the jets of boosted objects:

1. Jet internal radiation distribution

2. Jet mass                                                                                                                                                                                                                                                                                                    

5

signal(B) tt+ jets W+ jets Wbb+ jets

generated 6,000 80,995 138,801 19,053
∑

pT > 1800 GeV 2,610 21,272 44,175 6,197

lepton pT > 100 GeV 864 2,791 12,634 1,548

pT/ > 100 GeV 745 2,035 8,857 1014

at least one b-tag 387 1,009 483 302

∆Rlj > 1.0 246 182 314 210

ST > 0.1 210 96 149 117

TABLE II: For the B portion of the signal and the dominant
background processes, the numbers of events that pass the
successive cuts, scaled to an integrated luminosity of 100 fb−1.
For the background processes the first row gives the number
of events after the generator-level cut described in the text.
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FIG. 1: Jet mass distributions for jets with pT > 350 GeV,
for events that pass the cuts described in the text. We take
100 fb−1 for the integrated luminosity.

(187) as a background value to compare with the total
number of jets in the 60–90 GeV bins (281), giving a 6.9σ
excess. More conservatively, taking the total number of
jets in the 30–60 GeV bin (218) as the background value
gives a 4.3σ excess. Finally, taking the total number of
jets in the 40–70 GeV bin (200) as the background value
for the total number of jets in the 70–100 GeV bins (280)
gives a 5.7σ excess. For each of these three measures, the
standard model contribution to the number of events in
the peak is smaller than the standard model contribution
to the estimated background value.

The PGS detector simulator does not include particle
deflection by the magnetic field, but to get a rough idea
of how sensitive our results are to this effect, we follow
[26] and impose a shift in azimuthal angle for charged
particles in the signal samples,

|δφ| = sin−1(0.45/pT ), (9)

where the sign of the shift depends on the charge of the
particle. We find that our results are not dramatically
affected by this shift. The significance estimates above
change to 6.8σ, 4.2σ, and 5.9σ, respectively.

The T quarks do contribute somewhat to the signal,
because their decays can produce Z bosons, which are
not resolved from W ’s using this method. However, this
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FIG. 2: Jet mass distributions for the signal plus total back-
ground and for total background alone, for events that pass
the cuts described in the text. As before, only jets having
pT > 350 GeV are included for each qualifying event, and we
take 100 fb−1 for the integrated luminosity.

contribution is relatively small. Recalculating the signifi-
cance in each of the three ways described previously, this
time including only the B contribution to the signal, we
find excesses of 6.3σ, 3.5σ, and 4.5σ, respectively.

We have seen that the jet mass distribution for the sig-
nal is peaked around the W mass and less so around the
top mass, due to the presence of highly boosted W ’s and
tops. Because the B quark decays as B → tW− (and
the T quark decays as T → tZ half of the time), one
might hope to observe a peak in the invariant mass dis-
tribution of pairs of jets whose masses are near mW and
mt, respectively. So, for each event passing our cuts, we
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FIG. 3: Invariant mass distribution for pairs of W and top
candidates, after 100 fb−1 of integrated luminosity.

identify as W candidates all jets with masses satisfying
|mjet − mW | < 20 GeV, and we identify as top candi-
dates all jets with masses satisfying |mjet − mt| < 30
GeV. Then, for each event we pair up the W candidates
with the top candidates in all possible ways, and calcu-
late the invariant mass for each pairing. A histogram of

Figure: Skiba, Tucker-Smith, [hep-ph/0701247] 

W jet

t jet

http://arxiv.org/abs/hep-ph/0701247
http://arxiv.org/abs/hep-ph/0701247


✤ We can quantify the difference in appearance between QCD jets and 
the jets of boosted heavy particles.
✤ Boosted objects tend to have a many hard prongs
✤ QCD jets tend to have one central hard core

✤ Lots of jet shapes have been proposed.  For instance (many more..):
✤ Angularity: Almeida, Lee, Perez, Sterman, Sung, Virzi [0807.0234]

✤ Measures how pencil-like/pancake-like a jet is
✤ N-Subjettiness: Kim [1011.1493],  Thaler, Van Tilburg [1011.2268]

✤ How `N-prong like’ does a jet look?

(1) Internal Radiation Distribution



Example: Planar Flow
See Almeida, Lee, Perez, 
Sterman, Sung, Virzi 
[0807.0234] and Thaler, 
Wang [0806.0023]

Pf =
4λ1λ2

(λ1 + λ2)2
Ikl
w =

�

i

Ei
pi,k

Ei

pi,l

Ei

Top-likeQCD-like

λ=Eigenvalues of I



✤ A lot of work on boosted objects has 
gone into into improving jet mass 
reconstruction (i.e. Jet Topiary).

✤ These aim to discard `contamination’
✤ Techniques on the market:

✤ Filtering [Butterworth, Davison, Rubin, 
Salam: 0802.2470]

✤ Pruning [Ellis, Vermillion, Walsh: 
0903.5081,0912.0033]

✤ Trimming [DK, Thaler, Wang: 0912.1342]

(2) Jet Mass
Jets, G. Salam, LPTHE (p. 22)

Boosted object finding pp → ZH → νν̄bb̄, @14TeV, mH =115GeV

Herwig 6.510 + Jimmy 4.31 + FastJet 2.3

Rfilt = 0.3: take 3 hardest, m = 117 GeV

SIGNAL

 0

 0.05

 0.1

 0.15

 80  100  120  140  160
mH [GeV]

200 < ptZ < 250 GeV

Zbb BACKGROUND
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 0.002
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 0.008

 80  100  120  140  160
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200 < ptZ < 250 GeV

arbitrary norm.

Figure: http://www.lpthe.jussieu.fr/~salam/talks/repo/2009-Princeton-BoostedHiggs.pdf

After filtering

Before 
filtering

http://www.lpthe.jussieu.fr/~salam/talks/repo/2009-Princeton-BoostedHiggs.pdf
http://www.lpthe.jussieu.fr/~salam/talks/repo/2009-Princeton-BoostedHiggs.pdf


Example in Depth: Boosted SM 
Higgs



Boosted Higgs in pp->VH

✤ Canonical example of jet substructure usage.

✤ Want to see the Higgs in pp->VH where V is a W/Z decaying 
leptonically.  

✤ This is normally considered a challenging signal.

Jet substructure as a new Higgs search channel at the LHC, J. M. Butterworth, A. R. Davison, M. Rubin, G. P. Salam, [arXiv:
0802.2470]  Phys.Rev.Lett. 100 (2008) 242001

http://arxiv.org/abs/0802.2470
http://arxiv.org/abs/0802.2470
http://arxiv.org/abs/0802.2470
http://arxiv.org/abs/0802.2470


✤ Basic topology/kinematic requirements:

✤ Look for one W/Z’s decay products (i.e. two leptons or one lepton 
and MET)

✤ Require pT(j)>200GeV

✤ Ensures 2m/pT ~ 1 or less

✤ Two b-tags inside the candidate Higgs jet

✤ Kills a lot of background, but there is still some from g->b bbar



✤ Main idea:

✤ Use what we know about the radiation pattern to improve the 
mass measurement of the Higgs jet.

✤ This process is called filtering

✤ Look for three hard subjets inside the Higgs jet.

✤ Two from the b’s 2

b Rbb Rfilt

Rbbg

b
R

mass drop filter

FIG. 1: The three stages of our jet analysis: starting from a hard massive jet on angular scale R, one identifies the Higgs
neighbourhood within it by undoing the clustering (effectively shrinking the jet radius) until the jet splits into two subjets
each with a significantly lower mass; within this region one then further reduces the radius to Rfilt and takes the three hardest
subjets, so as to filter away UE contamination while retaining hard perturbative radiation from the Higgs decay products.

objects (particles) i and j, recombines the closest pair,
updates the set of distances and repeats the procedure
until all objects are separated by a ∆Rij > R, where R
is a parameter of the algorithm. It provides a hierarchical
structure for the clustering, like the K⊥algorithm [9, 10],
but in angles rather than in relative transverse momenta
(both are implemented in FastJet 2.3[11]).

Given a hard jet j, obtained with some radius R, we
then use the following new iterative decomposition proce-
dure to search for a generic boosted heavy-particle decay.
It involves two dimensionless parameters, µ and ycut:

1. Break the jet j into two subjets by undoing its last
stage of clustering. Label the two subjets j1, j2 such
that mj1 > mj2 .

2. If there was a significant mass drop (MD), mj1 <
µmj, and the splitting is not too asymmetric, y =
min(p2

tj1
,p2

tj2
)

m2

j

∆R2
j1,j2

> ycut, then deem j to be the

heavy-particle neighbourhood and exit the loop.
Note that y ! min(ptj1 , ptj2)/ max(ptj1 , ptj2).

1

3. Otherwise redefine j to be equal to j1 and go back
to step 1.

The final jet j is to be considered as the candidate Higgs
boson if both j1 and j2 have b tags. One can then identify
Rbb̄ with ∆Rj1j2 . The effective size of jet j will thus be
just sufficient to contain the QCD radiation from the
Higgs decay, which, because of angular ordering [12, 13,
14], will almost entirely be emitted in the two angular
cones of size Rbb̄ around the b quarks.

The two parameters µ and ycut may be chosen inde-
pendently of the Higgs mass and pT . Taking µ ! 1/

√
3

ensures that if, in its rest frame, the Higgs decays to a
Mercedes bb̄g configuration, then it will still trigger the
mass drop condition (we actually take µ = 0.67). The cut
on y ! min(zj1 , zj2)/ max(zj1 , zj2) eliminates the asym-
metric configurations that most commonly generate sig-
nificant jet masses in non-b or single-b jets, due to the

1 Note also that this ycut is related to, but not the same as, that
used to calculate the splitting scale in [5, 6], which takes the jet
pT as the reference scale rather than the jet mass.

Jet definition σS/fb σB/fb S/
√

B · fb

C/A, R = 1.2, MD-F 0.57 0.51 0.80

K⊥, R = 1.0, ycut 0.19 0.74 0.22

SISCone, R = 0.8 0.49 1.33 0.42

TABLE I: Cross section for signal and the Z+jets background
in the leptonic Z channel for 200 < pTZ/GeV < 600 and
110 < mJ/GeV < 125, with perfect b-tagging; shown for
our jet definition, and other standard ones at near optimal R
values.

soft gluon divergence. It can be shown that the maxi-
mum S/

√
B for a Higgs boson compared to mistagged

light jets is to be obtained with ycut ! 0.15. Since we
have mixed tagged and mistagged backgrounds, we use a
slightly smaller value, ycut = 0.09.

In practice the above procedure is not yet optimal
for LHC at the transverse momenta of interest, pT ∼
200 − 300 GeV because, from eq. (1), Rbb̄ ! 2mh/pT is
still quite large and the resulting Higgs mass peak is sub-
ject to significant degradation from the underlying event
(UE), which scales as R4

bb̄
[15]. A second novel element

of our analysis is to filter the Higgs neighbourhood. This
involves resolving it on a finer angular scale, Rfilt < Rbb̄,
and taking the three hardest objects (subjets) that ap-
pear — thus one captures the dominant O (αs) radiation
from the Higgs decay, while eliminating much of the UE
contamination. We find Rfilt = min(0.3, Rbb̄/2) to be
rather effective. We also require the two hardest of the
subjets to have the b tags.

The overall procedure is sketched in Fig. 1. We il-
lustrate its effectiveness by showing in table I (a) the
cross section for identified Higgs decays in HZ produc-
tion, with mh = 115 GeV and a reconstructed mass re-
quired to be in an moderately narrow (but experimen-
tally realistic) mass window, and (b) the cross section
for background Zbb̄ events in the same mass window.
Our results (C/A MD-F) are compared to those for the
K⊥algorithm with the same ycut and the SISCone [16]
algorithm based just on the jet mass. The K⊥algorithm
does well on background rejection, but suffers in mass
resolution, leading to a low signal; SISCone takes in less
UE so gives good resolution on the signal, however, be-
cause it ignores the underlying substructure, fares poorly
on background rejection. C/A MD-F performs well both

Figure source: Jet substructure as a new Higgs search channel at the LHC, J. M. Butterworth, A. R. Davison, M. Rubin, G. P. 
Salam, [arXiv:0802.2470]  Phys.Rev.Lett. 100 (2008) 242001

http://arxiv.org/abs/0802.2470
http://arxiv.org/abs/0802.2470
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on mass resolution and background rejection.

The above results were obtained with HER-
WIG 6.510[17, 18] with Jimmy 4.31 [19] for the under-
yling event, which has been used throughout the sub-
sequent analysis. The signal reconstruction was also
cross-checked using Pythia 6.403[20]. In both cases
the underlying event model was chosen in line with the
tunes currently used by ATLAS and CMS (see for ex-
ample [21] 2). The leading-logarithmic parton shower
approximation used in these programs have been shown
to model jet substructure well in a wide variety of pro-
cesses [23, 24, 25, 26, 27, 28]. For this analysis, sig-
nal samples of WH, ZH were generated, as well as
WW, ZW, ZZ, Z + jet, W + jet, tt̄, single top and dijets
to study backgrounds. All samples correspond to a lu-
minosity ≥ 30 fb−1, except for the lowest p̂min

T dijet sam-
ple, where the cross section makes this impractical. In
this case an assumption was made that the selection ef-
ficiency of a leptonically-decaying boson factorises from
the hadronic Higgs selection. This assumption was tested
and is a good approximation in the signal region of the
mass plot, though correlations are significant at lower
masses.

The leading order (LO) estimates of the cross-section
were checked by comparing to next-to-leading order
(NLO) results. High-pT V H and V bb̄ cross sections were
obtained with MCFM [29, 30] and found to be about 1.5
times the LO values for the two signal and the Z0bb̄ chan-
nels (confirmed with MC@NLO v3.3 for the signal [31]),
while the W±bb̄ channel has a K-factor closer to 2.5 (as
observed also at low-pT in [30]).3 The main other back-
ground, tt̄ production, has a K-factor of about 2 (found
comparing the HERWIG total cross section to [32]). This
suggests that our final LO-based signal/

√
background es-

timates ought not to be too strongly affected by higher
order corrections, though further detailed NLO studies
would be of value.

Let us now turn to the details of the event selection.
The candidate Higgs jet should have a pT greater than
some p̂min

T . The jet R-parameter values commonly used
by the experiments are typically in the range 0.4 - 0.7.
Increasing the R-parameter increases the fraction of con-
tained Higgs decays. Scanning the region 0.6 < R < 1.6
for various values of p̂min

T indicates an optimum value
around R = 1.2 with p̂min

T = 200 GeV.

Three subselections are used for vector bosons: (a) An
e+e− or µ+µ− pair with an invariant mass 80 GeV <
m < 100 GeV and pT > p̂min

T . (b) Missing transverse
momentum > p̂min

T . (c) Missing transverse momentum

2 The non-default parameter setting are: PRSOF=0,
JMRAD(73)=1.8, PTJIM=4.9 GeV, JMUEO=1, with
CTEQ6L [22] PDFs.

3 For the V bb̄ backgrounds these results hold as long as both the
vector boson and bb̄ jet have a high pT ; relaxing the requirement
on pTV leads to enhanced K-factors from electroweak double-
logarithms.
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FIG. 2: Signal and background for a 115 GeV SM Higgs
simulated using HERWIG, C/A MD-F with R = 1.2 and
pT > 200 GeV, for 30 fb−1. The b tag efficiency is assumed
to be 60% and a mistag probability of 2% is used. The qq̄
sample includes dijets and tt̄. The vector boson selections
for (a), (b) and (c) are described in the text, and (d) shows
the sum of all three channels. The errors reflect the statisti-
cal uncertainty on the simulated samples, and correspond to
integrated luminosities > 30 fb−1.

> 30 GeV plus a lepton (e or µ) with pT > 30 GeV,
consistent with a W of nominal mass with pT > p̂min

T . It
may also be possible, by using similar techniques to re-
construct hadronically decaying bosons, to recover signal
from these events. This is a topic left for future study.

To reject backgrounds we require that there be no lep-
tons with |η| < 2.5, pT > 30 GeV apart from those used
to reconstruct the leptonic vector boson, and no b-tagged
jets in the range |η| < 2.5, pT > 50 GeV apart from the
Higgs candidate. For channel (c), where the tt̄ back-
ground is particularly severe, we require that there are
no additional jets with |η| < 3, pT > 30 GeV. The re-
jection might be improved if this cut were replaced by a
specific top veto [5]. However, without applying the sub-
jet mass reconstruction to all jets, the mass resolution
for R = 1.2 is inadequate.

The results for R = 1.2, p̂min
T = 200 GeV are shown

in Fig. 2, for mH = 115 GeV. The Z peak from ZZ and
WZ events is clearly visible in the background, providing
a critical calibration tool. Relaxing the b-tagging selec-
tion would provide greater statistics for this calibration,
and would also make the W peak visible. The major
backgrounds are from W or Z+jets, and (except for the
HZ(Z → l+l−) case), tt̄.

Combining the three sub-channels in Fig. 2d, and sum-
ming signal and background over the two bins in the
range 112-128 GeV, the Higgs is seen with a significance

Higgs is now visible in b-bbar with 30 fb-1

Figure source: Jet substructure as a new Higgs search channel at the LHC, J. M. Butterworth, A. R. Davison, M. Rubin, G. P. 
Salam, [arXiv:0802.2470]  Phys.Rev.Lett. 100 (2008) 242001

http://arxiv.org/abs/0802.2470
http://arxiv.org/abs/0802.2470


Overview of Other SM Analyses



✤ Another possibility (beyond the aforementioned V+H analysis ) is tt
+H: Plehn, Salam, Spannowsky [0910.5472]

✤ Analysis uses `fat’ jets (R=1.5)

✤ Similar, but more complicated jet unraveling process

✤ Solves many combinatoric issues, improves mass resolution

✤ Useful algorithm for finding mildly boosted tops.

✤ Known as `HEP’ tagger (Heidelberg, Eugene, Paris)

Higgs



✤ Top tagging is now a well studied 
topic

✤ Many established tagging 
techniques: 

✤ Kaplan, Rehermann, Schwartz, 
Tweedie [0806.0848]

✤ Thaler, Wang [0806.0023]

✤ Almeida, Lee, Perez, Sterman, 
Sung, Virzi [0807.0234]

✤ See [1012.5412] for an overview 
and review

Tops

14 M. Karagoz, M. Spannowsky, M. Vos (editors): Boosted objects: a probe of BSM physics
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Fig. 3. Mistag rate versus efficiency after optimisation for the studied top-taggers in linear scale (a) and logarithmic scale (b).
Tag rates were computed averaging over all pT subsamples (a,b) and for the subsample containing jet with pT range 300–400
GeV (c) and 500–600 GeV (d)

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

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

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

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

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

Roughly comparable efficiencies
Figure source: 1012.5412



W/Z

✤ Multivariate methods sensitive to radiation pattern: Cut, Han, 
Schwartz [1012.2077]: W-Tagging

✤ Measure W polarization in vector boston fusion to distinguish 
anomalous Higgs couplings: DK, Han, Wang, Zhu [0911.3656]

✤ Applications to Z’ physics: Katz, Son, Tweedie [1010.5253]



✤ Measure hadronic top polarization: 
DK, Shelton, Wang [0909.3855]

✤ Measure fit to radiation profile: 
Almeida, Lee, Perez, Sterman, Sung 
[1006.2035]

✤ Top identification taking into account 
color singlet nature of W: Hook, 
Jankowiak, Wacker [1102.1012]

Ever more sophisticated 
techniques
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FIG. 2: Top: Eikonal radiation pattern dpT /dηdφ for a color

singlet with ∆R=0.9, typical for a W±
originating from a

top with pT ∼ 300 GeV. Bottom: As above with the partons

instead color-connected to the beam (left/right-going parton

connected to the left/right beam). For the color singlet the ra-

diation is mostly found in the region between the two subjets.

For the background-like color configuration, the radiation is

pulled towards the beam. See (2) and (3).

estimate of D for various color configurations could be
obtained by using antenna patterns as in [28].

Dipolarity can be used within the context of top tag-
ging to reduce QCD backgrounds. Consider a collection
of fat QCD jets originating from parton branchings with
identical kinematics but different color configurations as
illustrated in FIG. 3. If one of the QCD jets fakes the
kinematics of a top quark decay, then each of the differ-
ent color configurations fakes the kinematics equally well.
The dipolarities of the subjets, however, will be broadly
distributed in accord with their different color configu-
rations. For instance, gluon jets are known to give the
largest fake rates for top jets as a consequence of their
larger Casimirs which more often result in wide angle
branchings with significant mass drops. FIG. 3 illustrates
how gluon jets, with their distinct color configurations,

FIG. 3: Schematic for a collection of QCD jets whose kine-

matics fake the top. The upper figures show various possi-

bilities for quarks and gluons that undergo two branchings.

The bottom figures show the corresponding large Nc color di-

agrams, with dipole radiation patterns superimposed across

color dipoles. Only the rightmost color configuration, which

is suppressed by factors of CA/CF with respect to the others,

matches the radiation pattern of an actual top.

radiate differently from top jets. All of this suggests that
the dipolarity of the W± in a hadronic top decay is well-
suited as a discriminant in top tagging algorithms.

HEPTopTagger

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

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

2. Break each fat jet into hard subjets using the fol-
lowing mass-drop criterion. Undo the last stage
of clustering to yield two subjets j1 and j2 (with
mj1 > mj2), keeping both j1 and j2 ifmj1 < 0.8mj2

1 The HEPTopTagger does not make use of b-tagging, which is a
natural extension to the algorithm that can result in significant
improvements in background rejection. Since dipolarity cuts are
orthogonal to b-tagging, we do not explore the use of b-tagging
in this paper.

3

Source: 1102.1012



✤ LHC experiments are going to use these techniques! 

✤ Validation has started using QCD data.

✤ MC and experiment agree well:

✤ Herwig++ seems to show the best agreement
Source: http://www.physics.uoregon.edu/~soper/Jets2011/Dolen.pdf

)2 (GeV/cjetm

0 50 100 150 200 250 300 350 400

N
u

m
b

e
r 

o
f 

J
e
ts

-110

1

10

210

3
10

410

)2 (GeV/cjetm

0 50 100 150 200 250 300 350 400

N
u

m
b

e
r 

o
f 

J
e
ts

-110

1

10

210

3
10

410 Data
Pythia 6 Tune Z2

Pythia 6 Tune D6T

Pythia 8 Tune 1

Herwig++ Tune 23

Top Tagging Algorithm

CMS Preliminary

 = 7 TeVs at -135.97 pb

)2 (GeV/cminm

0 20 40 60 80 100 120 140

N
u

m
b

e
r 

o
f 

J
e
ts

-110

1

10

210

3
10

)2 (GeV/cminm

0 20 40 60 80 100 120 140

N
u

m
b

e
r 

o
f 

J
e
ts

-110

1

10

210

3
10 Data

Pythia 6 Tune Z2

Pythia 6 Tune D6T

Pythia 8 Tune 1

Herwig++ Tune 23

Top Tagging Algorithm

CMS Preliminary

 = 7 TeVs at -135.97 pb

subjetsN
1 2 3 4

N
u

m
b

e
r 

o
f 

J
e
ts

0

10000

20000

30000

40000

50000

60000

subjetsN
1 2 3 4

N
u

m
b

e
r 

o
f 

J
e
ts

0

10000

20000

30000

40000

50000

60000 Data
Pythia 6 Tune Z2

Pythia 6 Tune D6T

Pythia 8 Tune 1

Herwig++ Tune 23

Top Tagging Algorithm

CMS Preliminary

 = 7 TeVs at -135.97 pb

subjetsN
0 1 2 3

 (
 M

C
 -

 D
a
ta

 )
 /
 D

a
ta

-0.6

-0.4

-0.2

0

0.2

0.4

Pythia 6 Tune Z2

Pythia 6 Tune D6T

Pythia 8 Tune 1

Herwig++ Tune 23

Top Tagging Algorithm

CMS Preliminary

 = 7 TeVs at -135.97 pb

Top Tagging Algorithm

CMS Preliminary

 = 7 TeVs at -135.97 pb

)2 (GeV/cjetm

0 50 100 150 200 250 300 350 400

 (
 M

C
 -

 D
a
ta

 )
 /
 D

a
ta

-2

-1

0

1

2

3

Pythia 6 Tune Z2

Pythia 6 Tune D6T

Pythia 8 Tune 1

Herwig++ Tune 23

Top Tagging Algorithm

CMS Preliminary

 = 7 TeVs at -135.97 pb

Top Tagging Algorithm

CMS Preliminary

 = 7 TeVs at -135.97 pb

)2 (GeV/cminm

0 20 40 60 80 100 120 140

 (
 M

C
 -

 D
a
ta

 )
 /
 D

a
ta

-2

-1

0

1

2

3

4

5
Pythia 6 Tune Z2

Pythia 6 Tune D6T

Pythia 8 Tune 1

Herwig++ Tune 23

Top Tagging Algorithm

CMS Preliminary

 = 7 TeVs at -135.97 pb

Top Tagging Algorithm

CMS Preliminary

 = 7 TeVs at -135.97 pb

Percent difference:

Top Tagging Commissioning

19James Dolen

Jet Mass MinMassNumber of Subjets

Northwest Terascale Workshop 1-Feb-2011

http://www.physics.uoregon.edu/~soper/Jets2011/Dolen.pdf
http://www.physics.uoregon.edu/~soper/Jets2011/Dolen.pdf


Applications in BSM Physics



Significant Benefits Using 
Substructure

✤ TeV scale BSM physics coupling to EW scale particles -> boosted 
objects!

✤ BSM events are complicated - jet substructure aids in reconstruction 
(HEP tagger)

✤ Substructure can resolve color structure - useful for exotic decays.



Qualitatively New Measurements

Color 
singlet

Color 
singlet

All within 
one jet

✤ In `Buried Higgs’ 
models the Higgs 
decays to two scalars, 
which subsequently 
decay to gluons

✤ h>2a>4g

✤ Substructure methods 
can look for color 
singlet nature of scalar: 
see details in [1006.1650]



✤ Some examples (incomplete list):

✤ Neutralino decays: Butterworth, Ellis, Raklev, Salam 
[0906.0728]

✤ SUSY Higgses (often result from SUSY cascade decays):

✤ Kribs, Martin, Roy, Spannowsky [0912.4731,1006.1656]

✤ Exotic Higgses: 

✤ Chen, Nojiri, Sreethawong: [1006.1151]

✤ Falkowski, DK, Shelton, Thalapillil, Wang [1006.1650]

✤ Bellazzini, Csaki, Hubisz, Shao [1012.1316]

✤ Boosted gluinos from heavy squarks: Fan, DK, Mosteiro, 
Thalapillil, Wang [1102.0302]



Jet Superstructure



Basic Idea

✤ The processes giving rise to new-physics particles can have a color 
structure different than that of the SM background:

✤ This will affect a jet’s relation with other colored particles in the event.
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Seeing in Color: Jet Superstructure

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

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

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

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

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

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

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

C ∼ 10% effect.

Since color flow is physical, it may be possible to ex-
tract the color connections of an event. Such informa-
tion would be complimentary to the information in the
jets’ four-momenta and therefore may help temper oth-
erwise irreducible backgrounds. For example, one ap-
plication would be in cascade decays from new physics
models. In supersymmetry, one often has a large number
of jets, originating from on-shell decays like q̃ → qχ or
from color-singlet gauge boson or gaugino decays. One of
the main difficulties in extracting the underlying physics
from these decays is the combinatorics: which jets come
from which decay? Mapping the superstructure color
connections of the events could then greatly enhance our
ability to decipher the short-distance physics.

Figure source: Seeing in Color: Jet Superstructure J. Gallicchio and M. D. Schwartz [1001.5027]

pp->H->bb pp->g->bb



✤ Wide angle radiation away from a color singlet is suppressed.

✤ Think of the color dipole picture from E&M: far enough away from a 
dipole it appears to have no charge

✤ By looking for the regions of suppressed/enhanced radiation one can 
hope to infer information about an event’s color structure.

Suppressed



✤ This was originally proposed to reduce the background 
(g->bb) to Higgs searches (h->bb) where the Higgs is a 
color singlet and the gluon is an octet:

✤ There are many possible further applications - 
reducing combinatorics is the most prominent.

Figure source: Seeing in Color: Jet Superstructure J. Gallicchio and M. D. Schwartz [1001.5027]
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FIG. 2: Accumulated pT after showering a particular par-
tonic phase space point 3 million times. Left has the b and
b̄ color-connected to each other (signal) and right has the b
and b̄ color-connected to the beams (background). Contours
represent factors of 2 increase in radiation.

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

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

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

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

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

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

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

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



✤ The technique has already been applied to data

✤ Measurement of color flow in ttbar events from ppbar 
collisions at √s = 1.96 TeV [1101.0648]

✤ They essentially measure whether the radiation points 
from one jet to the other, or back to the beam.



✤ Assign a direction to each jet:

✤ “We find that the fraction of uncolored W bosons is 
0.56 ± 0.42(stat+syst), in agreement with the standard 
model.” - Phew!
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pythia

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

and to define the center the jet. These are all basically
the same, but we have found that the most effective com-
bination is a pT -weighted vector, which we call pull, de-
fined by

!t =
∑

i∈jet

piT |ri|
pjet
T

!ri . (1)

Here, !ri = (∆yi,∆φi) = !ci − !J , where !J = (yJ ,φJ ) is
the location 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 (ηJ );
because the jet is massive this makes !ri boost invariant
and a better discriminant (rapidity and pseudorapidity
are equivalent for the effectively massless cells/particles,
!ci). The centroid (Eq. (1) without the |ri| factor) is usu-
ally almost identical to !J , the location of the jet four-
vector in the E-scheme (the sum of four-momenta of the
jet constituents).

An important feature of the pull vector !t is that it
is infrared safe. If a very soft particle is added to the
jet, it has negligible pT , and therefore a negligible effect
on !t. Moreover, since pull is linear in pT , if a particle
splits into two collinear particles at the same !r, the pull
vector is also unchanged. This property guarantees that
pull should be fairly insensitive to fine details of the im-
plementation, such as the spatial granularity or energy
resolution of the calorimeters.

The event-by-event distribution of the pull for the left
b jet from Figure 2 is shown in Figure 3 in polar co-
ordinates, !t = (|!t| cos θt, |!t| sin θt), where θt = 0 points
towards the right-going beam, θt = ±π points towards
the left-going beam, and θt ≈ 0.7 toward the other b jet.
This figure shows density plots of the !t distributions 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 four-momenta
of all long-lived observable particles. If instead, we use
the hadronic energy in 0.1 × 0.1 cells treated as mass-
less four-vectors, the distribution of pull vectors is nearly
identical.
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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, ∆θt = 0
is defined to point toward the other b jet. 3× 105 events are
shown.

We can see that most of the discriminating informa-
tion is in the pull angle, θt, rather than the magni-
tude |!t|. This leads to Figure 4, which shows the dis-
tribution of the pull angle for the signal and the back-
ground in this particular kinematic configuration. This
figure also 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 [9], pythia 8.130 [15], and pythia 6.420 with the
pT -ordered shower [7] 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 indis-
tinguishable using the jet four-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.

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∈jet

piT |ri|
pjet
T

(

∆y2i ∆yi∆φi

∆φi ∆yi ∆φ2
i

)

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

and to define the center the jet. These are all basically
the same, but we have found that the most effective com-
bination is a pT -weighted vector, which we call pull, de-
fined by

!t =
∑

i∈jet

piT |ri|
pjet
T

!ri . (1)

Here, !ri = (∆yi,∆φi) = !ci − !J , where !J = (yJ ,φJ ) is
the location 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 (ηJ );
because the jet is massive this makes !ri boost invariant
and a better discriminant (rapidity and pseudorapidity
are equivalent for the effectively massless cells/particles,
!ci). The centroid (Eq. (1) without the |ri| factor) is usu-
ally almost identical to !J , the location of the jet four-
vector in the E-scheme (the sum of four-momenta of the
jet constituents).

An important feature of the pull vector !t is that it
is infrared safe. If a very soft particle is added to the
jet, it has negligible pT , and therefore a negligible effect
on !t. Moreover, since pull is linear in pT , if a particle
splits into two collinear particles at the same !r, the pull
vector is also unchanged. This property guarantees that
pull should be fairly insensitive to fine details of the im-
plementation, such as the spatial granularity or energy
resolution of the calorimeters.

The event-by-event distribution of the pull for the left
b jet from Figure 2 is shown in Figure 3 in polar co-
ordinates, !t = (|!t| cos θt, |!t| sin θt), where θt = 0 points
towards the right-going beam, θt = ±π points towards
the left-going beam, and θt ≈ 0.7 toward the other b jet.
This figure shows density plots of the !t distributions 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 four-momenta
of all long-lived observable particles. If instead, we use
the hadronic energy in 0.1 × 0.1 cells treated as mass-
less four-vectors, the distribution of pull vectors is nearly
identical.
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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, ∆θt = 0
is defined to point toward the other b jet. 3× 105 events are
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We can see that most of the discriminating informa-
tion is in the pull angle, θt, rather than the magni-
tude |!t|. This leads to Figure 4, which shows the dis-
tribution of the pull angle for the signal and the back-
ground in this particular kinematic configuration. This
figure also 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 [9], pythia 8.130 [15], and pythia 6.420 with the
pT -ordered shower [7] 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 indis-
tinguishable using the jet four-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.

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∈jet

piT |ri|
pjet
T

(

∆y2i ∆yi∆φi

∆φi ∆yi ∆φ2
i

)

. (2)
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FIG. 1: (Color online) Diagram showing two jets in the η-φ
plane, and the reconstruction of the jet pull vectors (#t), jet
pull angles (θpull), and relative jet pull angles (θpullrel ).

struction for both color-singlet and color-octet configu-
rations is interesting in its own right [4] and is needed
before jet pull can be used in, e.g., H → bb̄ searches.
Color-octet patterns can be studied in many processes,
such as W/Z boson production in association with jets.
A pure sample of color-singlet hadronic decays is diffi-
cult to obtain at a hadron collider, but tt̄ events with
an !+jets final state are good candidates since they have
a characteristic signature and contain two jets from the
decay of a W boson, which is a color singlet. Each of
the two b-jets coming from the top quark decays is color-
connected to one of the beam remnants in a color-octet
pattern.

In this Letter, we use data collected with the D0 detec-
tor [5] at the Fermilab Tevatron pp̄ collider, correspond-
ing to 5.3 fb−1 of integrated luminosity, to present the
first experimental results on the study of jet pull, using tt̄
events decaying to !+jets (tt̄ → WbWb̄ → !νbjj̄b̄, where
! = e,µ). The object identification, event selection, and
simulated Monte Carlo (MC) events are the same as those
used in the tt̄ cross section analysis [6], except that looser
b-tagging criteria [7] are used to increase the statistics of
double b-tagged events. We obtain a ≈ 90% pure tt̄ sam-
ple by requiring an isolated lepton with pT > 20 GeV,
missing transverse energy E/T> 20 GeV (> 25 GeV for
the µ+jets channel), and at least four jets, reconstructed
with a midpoint cone algorithm [8] of radius 0.5, with
pT > 20 GeV. At least one jet must have pT > 40 GeV,
and at least two jets must be identified as b-jets. Table I
shows the event yields for these selection criteria.

To extract the fraction of color-singlet hadronic W bo-
son decays, the data are compared to both standard
model tt̄ MC (with a color-singlet W boson) and an
alternative model of tt̄ with a hypothetical color-octet
“W” boson decaying hadronically with identical proper-
ties except for its color representation. The latter is sim-
ulated using the MadGraph (MG) [9] event generator
interfaced to pythia [10] for showering and hadroniza-
tion. Simulated events are processed with a Geant3-

TABLE I: Yields of events passing selections with exactly 4 or
≥ 5 jets. At least two b-tagged jets are required in the anal-
ysis, but the numbers of events with zero or one b-tagged jet
are also given. The number of tt̄ events is calculated using the
cross section determined with this data sample, σtt̄ = 8.50 pb.
Uncertainties include statistical and systematic contributions.
The total uncertainties are smaller than the sum of individual
uncertainties due to negative correlations between samples.

channel sample 0 b-tags 1 b-tag ≥ 2 b-tags

&+4 jets W+jets 576 ± 75 229 ± 32 49 ± 8

Multijet 115 ± 16 46 ± 7 7 ± 2

Z+jets 42 ± 6 16 ± 3 4 ± 1

Other 31 ± 4 19 ± 2 9 ± 1

tt̄ 160 ± 22 417 ± 38 519 ± 51

Total 923 ± 62 727 ± 24 589 ± 48

Observed 923 743 572

&+≥5 jets W+jets 60 ± 22 26 ± 11 7 ± 3

Multijet 17 ± 3 12 ± 2 3 ± 1

Z+jets 4 ± 1 2 ± 1 1 ± 1

Other 3 ± 1 3 ± 1 2 ± 1

tt̄ 34 ± 6 90 ± 13 132 ± 17

Total 118 ± 19 132 ± 7 145 ± 15

Observed 112 127 156

based [11] detector simulation, overlaid with random data
to account for backgrounds, and reconstructed as data.

D0 uses three liquid-argon/uranium calorimeters to
measure the energies of particles: a central section (CC)
covering |η| up to ≈ 1.1 and two end calorimeters (EC)
that extend coverage to |η| ≈ 4.2 [3], housed in separate
cryostats [12]. In addition, scintillators between the CC
and EC cryostats provide sampling of developing show-
ers for 1.1 < |η| < 1.4. There are approximately ten
layers in the radial direction (depending on η), generally
composed of cells spanning 0.1 × 0.1 in η × φ. The en-
ergy resolution is about 15%/

√
E ⊕ 0.3% (in GeV) for

electrons and 50%/
√
E ⊕ 5% for hadrons. Pileup energy

from overlapping pp interactions result in about 0.5% of
cells having energy above the noise-limited energy thresh-
old (≈ 50 − 500 MeV, depending on layer and η). This
energy is roughly exponentially distributed, with a mean
of ≈ 350 MeV.

The pull is determined for each jet of a pair of re-
constructed jets, using the measured energies of the
calorimeter cells (see Fig. 1). Each cell within ∆R =
√

(∆φ)2 + (∆η)2 < 0.7 of the ET -weighted center of one

of the jets of the pair (ηjetd , φjet) is assigned to the jet
nearer in ∆R. The contribution of each selected cell
to the jet pull is %tcell = Ecell

T |%rcell|%rcell, where %rcell =
(ηcelld − ηjetd , φcell −φjet), and Ecell

T is the cell’s transverse
energy with respect to the nominal center of the detec-



✤ At the LHC, particles with EW scale masses are often so energetic (i.e. 
boosted) their decay products are lumped together into a single jet.

✤ By looking at the radiation inside jets we find we can identify these 
particles and learn about their properties (e.g. polarization).

✤ This leads to a marked improvement in discover reach.

✤ Techniques already undergoing validation with LHC data.  Promising 
results!

✤ See the proceedings of Boost 2010 [1012.5412] for more discussion.

Conclusions

http://boost2011.org

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


Backup: Jet Trimming

Source: DK, J. Thaler, and L. Wang, JHEP 1002 (2010) 084 [arXiv:0912.1342]

http://arxiv.org/abs/0911.3656
http://arxiv.org/abs/0911.3656


Messy Jets

✤ The LHC is a messy place.

✤ Contaminating radiation can 
always come from ISR and 
multiple interactions, but at 
the LHC a major source is 
pileup.

✤ Pileup is when multiple 
scatterings take place in 
the same bunch-bunch 
crossing



Quantifying Contamination

✤ How much contamination is there?

✤  Pileup density in GeV/area:

✤ The number of pileup events per crossing (NPU) depends on the LHC 
running parameters.  Roughly though, at 14 TeV we should start at 
~20 and go to ~40.  

Source: 1002.4557

ρ ∼
�

1 +
NPU

4

�
× (2↔ 3 GeV)



Motivation

✤ When we cluster jets there’s inevitably a tradeoff: 

✤ Larger cones are less likely to miss radiation

✤ But, they’re also more susceptible to contamination
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✤ In Jet Trimming we investigated ways to systematically remove jet 
contamination and improve reconstruction.

✤ There’s a lot of room for reconstruction improvement.

✤ Irreducible contamination (we can’t distinguish radiation in the same 
cell) is not a problem

Improvement R0 Γ [GeV] M [GeV]
gg → φ→ gg

All cells - 1.2 69 518
FSR cells 309% 1.5 15 501

qq̄ → φ→ qq̄

All cells - 0.8 31 505
FSR cells 189% 1.5 11 501

Table 1: Improvement in the resonance reconstruction measure ∆ presented in Sec. 4 in going
from standard clustering (All cells) to an idealized situation where we only cluster those cells within
∆R = 0.2 of an cell containing more than 1 GeV of FSR (FSR cells). Here mφ = 500 GeV. The
definitions of Γ and M appear in Eq. (4.1). Because of the larger color charge of gluons compared
to quarks, there is more radiation in the gg → φ→ gg case compared to the qq̄ → φ→ qq̄ case, so
the potential improvement is correspondingly larger.
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Figure 3: Fraction of a jet’s pT attributable to ISR/MI for gg → φ→ gg (left) and qq̄ → φ→ qq̄
(right).

FSR were clustered, along with the distribution obtained without this restriction. The re-
stricted distribution is quite close to the one where only FSR was clustered, confirming the
minimum spatial overlap. By considering this sort of restriction to FSR-heavy cells, one
can calculate the maximum possible reconstruction improvement in going from ordinary
cones to such an idealized jet algorithm. This is shown in Table 1, where the improve-
ment is measured by the reconstruction measure ∆ presented in Sec. 4. We see potential
improvements of up to 3× in reconstruction. Of course, such an idealized jet algorithm
cannot exist since no physical observable can distinguish between FSR and ISR/MI, but
the room for improvement is compelling.

The goal our jet trimming algorithm is to approach this ideal reconstruction as closely
as possible. To do so, we need some kind of criteria to determine whether a given patch of
the calorimeter is likely to contain substantial amounts of FSR. In light of the observation
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✤ If we knew what cells contained significant FSR, then we’d be able to 
remove everything else and nearly reproduce the distribution without 
contamination:
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✤ Contamination is usually quite soft 
(total ~5% of pT).

✤ Use this to our advantage by only 
keeping the hard parts of a jet.

Trimming in Practice
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Implementation

1. Cluster all calorimeter data using any algorithm

2. Take the constituents of each jet and recluster them using another, 
possibly different, algorithm (we advocate kT) with smaller radius 
Rsub (Rsub = 0.2 seems to work well).

3. Discard the subjet i if

4. Reassemble the remaining subjets into the trimmed jet

pTi < fcut · Λhard
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Results

✤ Find a significant improvement from using trimming to 
reconstruct a resonance decaying to dijets (gg → φ → gg)

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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Jet Topiary

✤ Trimming was designed to clean up boosted “QCD Jets”.  There are 
other approaches focused on cleaning up jets from boosted heavy 
objects

1. Jet Pruning (Ellis, Vermilion, Walsh): 0903.5081, 0912.0033 

2. Filtering (Butterworth, Davison, Rubin, Salam): 0802.2470

http://inspirebeta.net/author/Ellis%2C%20Stephen%20D.?ln=en
http://inspirebeta.net/author/Ellis%2C%20Stephen%20D.?ln=en
http://inspirebeta.net/author/Vermilion%2C%20Christopher%20K.?ln=en
http://inspirebeta.net/author/Vermilion%2C%20Christopher%20K.?ln=en
http://inspirebeta.net/author/Walsh%2C%20Jonathan%20R.?ln=en
http://inspirebeta.net/author/Walsh%2C%20Jonathan%20R.?ln=en
http://inspirebeta.net/author/Butterworth%2C%20Jonathan%20M.?ln=en
http://inspirebeta.net/author/Butterworth%2C%20Jonathan%20M.?ln=en
http://inspirebeta.net/author/Davison%2C%20Adam%20R.?ln=en
http://inspirebeta.net/author/Davison%2C%20Adam%20R.?ln=en
http://inspirebeta.net/author/Rubin%2C%20Mathieu?ln=en
http://inspirebeta.net/author/Rubin%2C%20Mathieu?ln=en
http://inspirebeta.net/author/Salam%2C%20Gavin%20P.?ln=en
http://inspirebeta.net/author/Salam%2C%20Gavin%20P.?ln=en


✤ Still a lot of room for improvement!

Pruning + Trimming
Trimming only
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m [GeV]

L
og

L
ik
el
ih
oo

d
R
at
io

210200190180170160150

10

8

6

4

2

0

−2

−4

Figure 4: The log likelihood ratio in tt̄ production as a function of the trial top quark mass m,
assuming an integrated luminosity of 30 pb−1. We construct L({n},m) for eight different values
of m. Then we take the expectation value of these quantities in the signal + background theory
with the true top mass, Mtop. The results are shown for trimming alone, pruning alone, and for
trimming and pruning combined.

3. HZ production

We now turn to the production of a Higgs boson in association with a Z-boson, where the

Z-boson decays into e
+
e
− or µ+

µ
− and the Higgs boson decays into bb̄. This process was

considered in ref. [1] and found to contribute to the overall signal significance for a Higgs

boson search when MH ≤ 130 GeV. The idea is to demand that the Z-boson have large

transverse momentum. Then the recoiling Higgs boson has large transverse momentum

and is easier to find against the backgrounds even though the cross section for this process

is small. The backgrounds that we consider are ZZ production and, most importantly,

Z + jets production. In the part of our analysis that uses the methods of ref. [1], we find

good agreement with the results of ref. [1]. Our purpose is to extend the analysis of ref. [1]

by investigating the improvement in background rejection obtained by using more than

one algorithm for the analysis of subjets.

The HW production process is also important for a Higgs search, for the same reason

as for HZ. However, this signal has an additional important background, tt̄ production.

In this paper, we restrict the analysis to the simpler HZ case.

We generate the HZ, ZZ and Z + jets samples using Pythia 8. We include an event

in our sample if it has an electron or muon pair with

80 GeV < mll < 100 GeV , (3.1)

pT,ll > 200 GeV . (3.2)

The leptons are required to have rapidity |η| < 2.5. We further require that there be no

additional leptons with |η| < 2.5 and pT > 30 GeV. We examine events for jets using the

– 9 –

✤ If you combine multiple algorithms together and 
statistically optimized you can do better:

Figure source: Combining subjet algorithms to enhance ZH detection at the LHC, D. E. Soper, M. Spannowsky, [arXiv:1005.0417] 

http://arxiv.org/abs/1005.0417
http://arxiv.org/abs/1005.0417

