
Aspen 2011 - New Data From The Energy Frontier

Boosted Heavy Objects
David Krohn (Harvard)

!"
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

#
"

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

!"
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

#
"

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

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 [5/23-5/27]
Goal: Study jets from boosted heavy objects, as well as exotic jets (lepton jets, etc.).

http://boost2011.org

Upcoming Jet Conference
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Takeaway

✤ At the LHC, sometimes heavy particles (e.g. W/Z/t/h) are so 
energetic their decay products are resolved in a single jet.  

✤ The resulting jets are very different from the jets formed from the 
showering of light partons

✤ By looking inside such 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



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.



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 !-dependence is uniform, so the phase space of M ! AB
is characterized by two independent quantities QM and cos ". 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 "/dz in the transformation
from cos " 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 #M 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 reshu!ing 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 di"erential distributions dfM!AB between the narrow width ap-
proximation and QCD radiation. In the narrow width approximation, the mother M is exactly
on-shell:
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%

d#2 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 ".

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

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

M , cos "), the QCD
splitting is described by
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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]
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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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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 6.9!
excess. More conservatively, taking the total number of
jets in the 30–60 GeV bin (218) as the background value
gives a 4.3! 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 5.7! 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 e!ect, we follow
[26] and impose a shift in azimuthal angle for charged
particles in the signal samples,

|"#| = 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
a!ected by this shift. The significance estimates above
change to 6.8!, 4.2!, and 5.9!, 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 6.3!, 3.5!, and 4.5!, 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 ! !!̄bb̄, @14TeV, mH =115GeV

Herwig 6.510 + Jimmy 4.31 + FastJet 2.3

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

SIGNAL
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mH [GeV]

200 < ptZ < 250 GeV
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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


Recent Results



✤ One can look for boosted Higgses in Z/
W+H with H->bb : Butterworth, 
Davison, Rubin, Salam [0802.2470]
✤ 4.5 σ in 30 fb-1

✤ Another possibility is ttH: Plehn, Salam, 
Spannowsky [0910.5472]
✤ Analysis uses `fat’ jets (R=1.5)
✤ Useful algorithm for finding mildly 

boosted tops.
✤ `HEP’ tagger (Heidelberg, Eugene, 

Paris)

Higgs

3

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 a!ected 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 e!ciency 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 |!| < 2.5, pT > 30 GeV apart from those used
to reconstruct the leptonic vector boson, and no b-tagged
jets in the range |!| < 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 |!| < 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

Source: 0802.2470



✤ 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]

Tops

14 M. Karagoz, M. Spannowsky, M. Vos (editors): Boosted objects: a probe of BSM physics
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(d) 500–600 GeV

Fig. 3. Mistag rate versus e!ciency 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 e!ciency 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 e!ciency 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 e!ciency 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 di"erent taggers at
the di"erent 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 e!ciency 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



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

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

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

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



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]



✤ 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

