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The importance of hadronic final state:

• “Everywhere” at hadron colliders.

• Present in (almost) all new physics signals. 

• Many of them only have hadronic channels.

• TeV new physics states can decay to SM “heavy” 
particles, e.g. t, W, Z,  often look like a cluster of 
hadrons.

• Understanding of basic structure of QCD and the 
properties of new physics has lead to the development 
of a set of modern tools which significantly enhanced 
the discovery potential.  
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Cover two aspects.

• Better characterization of QCD jets

• Improving jet algorithms. 

• Finding ISR.

• Jet substructure and new physics searches.

• Boosted tops.

• Higgs search.

Boston Jet Workshop: 
 http://jets.physics.harvard.edu/workshop/Main.html

Boost 2011, May, 23-27, Princeton. 
http://boost2011.org
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Better QCD jet
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Why is it hard?

• We would like to preserve                   .
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jet

jet

jet

Sterman & Weinberg, PRL,1977.
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Why is it hard?

Overlapping jets.

Proper “size” of jets.
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Why is it hard?

• To best preserve                      we would like to:

• Use “smart” jet shapes.

• Control “contamination”.

Overlapping jets.

Proper “size” of jets.

 Part of the beam?
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underlying events, 
pile-up
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Begin with jet algorithm

• An algorithm of clustering together “close by” objects.

• Basic ingredients of a “sequential” jet algorithm.

• Two types of “distances”

• Jet-jet distance:         “when to cluster”

• Jet-beam distance:         “when to stop clustering”

• Pair wise comparison of all distances

• If smallest distance at any stage in clustering is jet-jet, 
add together corresponding four-momenta, else take 
jet with smallest jet-beam distance and set it aside.

• Repeat till all jets are set aside.

dij

diB
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Recombination Algorithms

• kT algorithm

• C/A algorithm

• anti-kT algorithm
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Jet “trimming”

• Effect of the “contamination”.

• Initial state radiation (ISR), multiple interaction (MI), 
underlying events (UE), pile-up (PU).
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A closer look at the soft radiations

• ISR scale with the hard collision

• MI, UE, and pileup “incoherent”, independent of the hard 
collision scale. 

• A “universal” soft background.

Λ2
hard

q2

pISR
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Jet trimming. 

• Introducing a “cut” on soft radiation.

• Discard “stuff” below the cut after jet clustering.

• Our implementation.

• Cluster all calorimeter data using any algorithm

• Take the constituents of each jet and recluster with 
smaller radius Rsub (Rsub = 0.2 seems to work well).

• Discard the subjet i if

• Best choice of the hard scattering scale and fcut. 

• Process dependent. 

• Can be optimized experimentally.

pTi < fcut · Λhard

D. Krohn, J. Thaler, LTW, arXiv:0912.1342

ISR argument.

Related but different “jet grooming”approaches:
Filtering: J. Butterworth, A. Davison, M. Rubin, G. Salam, arXiv:0802.2470
Pruning: S. Ellis, C. Vermilion,  J. Walsh, arXiv:0903.5081
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Simple test case: di-jet resonance

Results

! Find a significant improvement from using trimming to 
reconstruct a resonance decaying to dijets (gg ! ! ! 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.

– 13 –
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• We provide plugins fully compatible with Fastjet.  
http://jthaler.net/jets/VR_Jets.html
http://jthaler.net/jets/Jet_Trimming.html
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Finding ISR jet.

• Looking for the different jet.Tagging Procedure

! Tag

! Take three hardest jets.  Look 
for those 

1. Distinguished in pT

2. Distinguished in rapidity

3. Distinguished in m/pT

! Check

! Require the candidate ISR jet 

1. Not be central

2. Remain somewhat 
isolated in rapidity

! And, require that the implicit 
FSR jets be 

1. Close in pT

OR

OR

AND

D. Krohn, L. Randall, LTW, arXiv:1108.0810
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Simple kinematical tagger works well.

3

ISR jet’s pT requires an assumption for the system’s cen-
ter of mass energy, and only when we have assumed the
correct value will the boost function properly. Before
proceeding, we note that while any BSM particles are,
in fact, recoiling against all of the ISR particles (rather
than only the leading jet), in practice the ISR jets assume
a strong pT hierarchy and using only the leading jet to
apply a boost will serve as a reasonable approximation.

In detail, the method we prescribe to measure mBSM

using the ISR jet’s kinematics is to:

1. Identify all of the visible FSR jets and boost them
along the z direction so that the visible FSR is at
rest in the z frame (i.e. the net pz for FSR jets is
zero). That is, each FSR four-vector (here labeled
i) is shifted

Ei → γ (Ei + βpiz) , piz → γ(βEi + piz) (7)

where β = −pz/E and γ = 1/
√

1− β2, for pz
and E the sum longitudinal momentum and en-
ergy taken over all observable particles in the sys-
tem. This boost is performed because, while ideally
the system will be at rest in the z direction before
boosting in the transverse plane (step two), this is
a configuration we cannot achieve because of un-
certainties introduced by missing energy. However,
by applying the boost in Eq. (7) we approximate
this condition.

2. Boost the system along the direction transverse to
the beam, parallel to the transverse momentum of
the ISR jet, assuming some system mass M . This
means that the projection of each FSR pT vector
along the ISR direction transforms as

pT̄ i →
pISRT

M
Ei +

√

1 +

(
pISRT

M

)2

pT̄ i (8)

where pT̄ i = #pT · p̂ISRT is the projection of each pT
along the ISR pT direction.

3. Measure the sum projection of the resulting
boosted FSR along the ISR transverse direction,
assigning the result a ±1 depending upon the sign:

σ =

{
+1 if

∑
i pT̄ i > 0

−1 if
∑

i pT̄ i < 0
(9)

4. Finally, the average projection across many events
is measured: 〈σ〉 =

∑N
i=1 σi/N

When 〈σ〉 is positive there is a net projection along the
ISR axis, indicating the assumed mass is too small, while
when it is negative, the assumed mass is too large. Ex-
amples of the resulting distributions are shown in Fig. 1
for the case of di-squark and di-gluino production.

Before proceeding, we call attention to two choices we
made in the analysis that might be improved in a more

TABLE I. ISR tagging efficiencies computed for different
choices of spectra. The first four rows are for di-squark pro-
duction, and the last four are for di-gluino production.

Spectrum Efficiencies [%] Type of tag applied [%]

mq̃/mg̃ mLSP Trigger Mistag Eq. (1) Eq. (2) Eq. (3)

500 GeV 100 GeV 42 15 69 22 9

500 GeV 450 GeV 42 12 52 39 9

1 TeV 100 GeV 41 11 79 14 7

1 TeV 950 GeV 41 9 52 39 9

500 GeV 100 GeV 13 22 48 42 10

500 GeV 400 GeV 15 10 35 58 6

1 TeV 100 GeV 12 25 59 30 11

1 TeV 900 GeV 16 8 37 57 6

careful treatment. The first is in step one, where we
boosted the FSR along the z direction to approximate the
longitudinal rest frame. While this technique seems to
operate reasonably well, it may be possible to better infer
the z-boost using beam thrust techniques as suggested
in Ref. [16]. We further note that Eq. (9) assigns each
event an equal weight when computing 〈σ〉, regardless of
the measured imbalance. This choice was made because
weighting events by their pT imbalance (

∑
i pT̄ i) tends to

make 〈σ〉 sensitive to only a few outlier events. Perhaps
a better measure exists, but we do not pursue it here.

IV. EXAMPLE: DI-SQUARK & DI-GLUINO
PRODUCTION

We now apply the aforementioned techniques to the
pair production of squarks and gluinos, letting q̃ → q+χ0

1
and g̃ → qq̄ + χ0

1 (via an off-shell squark). To perform
this analysis we use Madgraph v4.4.51 [17] to gener-
ate 105-event samples at matrix-element level, assum-
ing a 14 TeV LHC, which are then showered in Pythia
v6.422 [18] and matched using the MLM procedure [19].
Fully showered and hadronized events are then grouped
into 0.1×0.1 cells (η,φ) cells between −5 < η < 5, which
are clustered in Fastjet v2.4.2 [20] using the anti-kT
algorithm [21]. Our di-squark samples were clustered us-
ing R = 0.7, while R = 0.4 was used for the busier di-
gluino events. Note that, to simplify matters, we have
not accounted for the effects of multiple interactions or
pileup.
Table I shows the efficiencies found using the tagging

procedure of Sec. II. Remarkably, we see that the tagging
efficiency (i.e. the percent of events in which an ISR
jet is tagged) and the mistag rate (the percent of events
in which a jet that has been tagged as ISR was tagged
incorrectly) are stable, even when comparing a standard
SUSY spectrum with mLSP = 100 GeV to one in which
the LSP is nearly degenerate with the supersymmetric
particle that decayed into it.
Fig. 1 shows the distribution of 〈σ〉 for the spectra in

Table I where we see that the kinematical technique in-
troduced earlier works quite well: 〈mBSM〉 = 1.3 TeV

• Further developments underway.
• Asymmetric toplogy?
• More inclusive?
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Many potential applications. 

• Reducing combinatorics. 

• SUSY decay chain, ttbar, ....

• ISR could be the main component of the signal.

• Squeezed SUSY spectrum, ...

• Measuring mass

• ISR spectrum is proportional to the scale of hard 
interaction. 

• Even more directly: 
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Mass measurement
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Figure 3: The figure on the left shows the ISR pT distributions resulting from the production
of a scalar coupled to gluons (gg → φ) for different values of mφ (see legend). The figure on the
right contrasts the ISR pT spectrum accompanying gg → φ production with that of qq̄ → Z ′, for
mZ′ = mφ = 1 TeV. Note that here our Z ′ has the same couplings as the SM Z, only with a scaled
up mass.

phenomenologically interesting quantities, but they also require a careful treatment of
QCD radiation10. Fortunately, complementary measures exist in the form of kinematic

Figure 4: Illustration of the kinematic measure of scale using two FSR jets and one ISR jet. Here
all panels shows jets in the plane transverse to the beam direction. The leftmost illustration shows
the starting configuration with the the ISR jet shown in red double lines. The next two show
configurations where the ŝ assumption was incorrect, leading to a net projection along the ISR
boost axis (dotted line). Finally, in the rightmost panel the correct choice has been made and there
is no net projection along the ISR axis.

variables, i.e. observables such as invariant mass which only reply upon basic kinematics
properties like the conservation of energy/momentum, rather than in the detailed behavior
of QCD. Here we can see that ISR can be used to construct such observables which can
solidify any interpretations derived from radiative observables, and, as it is an independent
measure, clarify any ambiguities.
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QCD radiation10. Fortunately, complementary measures exist in the form of kinematic

Figure 4: Illustration of the kinematic measure of scale using two FSR jets and one ISR jet. Here
all panels shows jets in the plane transverse to the beam direction. The leftmost illustration shows
the starting configuration with the the ISR jet shown in red double lines. The next two show
configurations where the ŝ assumption was incorrect, leading to a net projection along the ISR
boost axis (dotted line). Finally, in the rightmost panel the correct choice has been made and there
is no net projection along the ISR axis.

variables, i.e. observables such as invariant mass which only reply upon basic kinematics
properties like the conservation of energy/momentum, rather than in the detailed behavior
of QCD. Here we can see that ISR can be used to construct such observables which can
solidify any interpretations derived from radiative observables, and, as it is an independent
measure, clarify any ambiguities.

10For examples of the sort of analytic treatment which could prove essential in interpreting ISR, see

Refs. [35, 36]
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Example: squark pair production

• Produced near threshold, 
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Figure 2: The center of mass energy for a pair of disquarks, produced via continuum processes at
the LHC. The legend indicates the squark mass for each curve: one can see that the squarks are
produced nearly on threshold, with ECM ≈ 2mq̃.

different states have very small splittings [29, 32, 33, 34], yielding only very soft depositions
in a detector.

Mention dijet resonances - identifying couplings.
Before proceeding, we note that these dependencies have largely been ignored in col-

lider studies, although very recent studies have introduced inclusive variables which can give
some indication for the scale of new physics [16, 17]. While these variables are eminently
useful, especially because they are amenable to analytic treatments for resummation, they
may suffer practical difficulties when applied to LHC data. That is, the messy environment
[25, 25, 26]. Furthermore, by treating events inclusively, these variables make themselves
sensitive to the spectrum of BSM states: a measurement of, for instance, the visible mass
reconstructed in a detector is sensitive to the emissions of ISR, but it will also shift dramat-
ically for different values of the LSP mass. By identifying individual jets as attributable to
ISR, we both lower the sensitivity of our measurement to other sources of contamination9,
and lower the dependence of our measurement on additional model details.

2.2 Kinematic measure of scale

The radiative techniques introduced in the previous subsection are clearly sensitive to

9The contamination arising from sources like pileup is roughly uniform in energy density per unit

rapidity-phi area, so a jet, which has very little area compared to the overall detector, is much less sensitive

to contamination. For further discussion of pileup and jet contamination, see Refs. [27, 28])

– 5 –
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Examples: squark pair production
5
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FIG. 1. The average sign of the FSR projection along the transverse ISR direction for, proceeding left to right, di-squark
production using mq̃ = 500 GeV, mq̃ = 1 TeV, and then di-gluino production with mg̃ = 500 GeV, mg̃ = 1 TeV, with the LSP
mass indicated in the legends. The position at which the points intersect 〈σ〉 = 0 is what we would identify as mBSM, i.e. it
where the FSR momenta are balanced because the boost is ‘correct’. We see that it is in general close to 2mq̃/g̃. Note that the
errors indicated are just the statistical errors associated with our Monte Carlo sample sizes.
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QCD Jets: current and future

• Well established the new improved jet algorithms will be 
instrumental in new physics discovery.

• Optimization.

• LHC experimental groups are testing them.

• More flexible, more dynamical. 

• Jet tagging.

• ISR. q vs g, charge?

• Better theoretical understanding.

• Factorization ....
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Jet substructure, and 
applications in new physics 

searches.
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Jet substructure. 

• When produced at TeV-scale energies, they have a large 
boost.

Jets with substructure. 

Challenge: distinguishing them from QCD jets (q and g).

boost
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X

t̄

t

When to consider substructure

• Have to consider the boosted objects. 

• It is beneficial to consider the boosted objects. 

e.g.

Lower combinatorics, 
SM background boost differently.

W, Z

b
b

For example, boost tops
Brooijmans; Lillie, Randall, LTW; Thaler, LTW;
D. Kaplan, K. Reherman, M. Schwartz, B. Tweedie;
L. Almeida, S. Lee, G. Perez, G. Sterman, I. Sung, J. Virzi
...

Butterworth, Davidson, Bubin, Salam

For a summary of recent developments: C. Vermilion,1001.1335

e.g.

h
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Example: boosted top tagging at the LHC

• Fully collimated tops look like QCD jets.

W+

b
t

q

E1

E2
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Example: boosted top tagging at the LHC

• Fully collimated tops look like QCD jets.

Zooming in near the first splitting

Soft radiation:

Top.

Early splittings

QCD.

Decay: 

• QCD: radiation.

•    Top decay:                        3 hard objects.
Basic distinction:

W+

b
t

q

E1

E2
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Example: boosted top tagging at the LHC

• Fully collimated tops look like QCD jets.

Zooming in near the first splitting

Soft radiation:

Top.

Early splittings

Jet mass: 

QCD.

Decay: 

Jet mass:

• QCD: radiation.

•    Top decay:                        3 hard objects.
Basic distinction:

W+

b
t

q

E1

E2
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Example: boosted top tagging at the LHC

• Fully collimated tops look like QCD jets.

Zooming in near the first splitting

Soft radiation:

Top.

Early splittings

Jet mass: 

QCD.

Decay: 

Jet mass:

• QCD: radiation.

•    Top decay:                        3 hard objects.
Basic distinction:

microscope: jet substructure variables

W+

b
t

q

E1

E2
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Help from new jet algorithm

• Effect of radiation contamination on the jet mass

• Trimming gives large improvement by reducing effective 
jet size significantly.

More faithful (smaller) jet mass for the background.
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Substructure, z-finding

• Jet clustering history is approximately the inverse of 
parton shower. 

“Following” the jet formation: !"#$$#%&'()*+,-*.,#%-/*,&.+#/0

• !1'2-/.-)*#3*+,-*4-+*5$6.+-/&'(*,&.+#/07

189:;*<=>?=@AA? B&C'DEC#*FC'( >G

H7*IC+C'&;*J7*K#L.,&+M-/;*97*H-0N#6/;*C'O*P7*F-QQ-/;*R65$7*8,0.7*P*SAT;*>UV*W>??<X

Tuesday, July 28, 2009
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Top jets vs QCD jets
• Top jets vs QCD jets∗

“Following” the branching History
Recursive algorithm, e.g., kT

∗. kT close to an evolution variable.
kT clustering history ∼ inverse branching history.

Rough approximation of finite calorimetry: δη × δφ = 0.1 × 0.1.

QCD soft singularity is in effect regulated.
∗J. Thaler, LW, arxiv:0806.0023
∗S. Catani, Y. L. Dokshitzer, M. H. Seymour and B. R. Webber, Nucl. Phys. B 406, 187
(1993).
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Top jets vs QCD jets

• Combined cuts on jet mass and z can enhance further 
the signal with respect to the background.

• Top jets vs QCD jets∗

“Following” the branching History
Recursive algorithm, e.g., kT

∗. kT close to an evolution variable.
kT clustering history ∼ inverse branching history.

Rough approximation of finite calorimetry: δη × δφ = 0.1 × 0.1.

QCD soft singularity is in effect regulated.
∗J. Thaler, LW, arxiv:0806.0023
∗S. Catani, Y. L. Dokshitzer, M. H. Seymour and B. R. Webber, Nucl. Phys. B 406, 187
(1993).
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More jet shape variables.

• Top decay is more like 3-body. Span a “plane” 
perpendicular to the jet axis. 

• Transverse sphericity, or “planar flow”

Figure 8: Left: QCD dijet predictions for detS⊥ with a pT cut of 1200 GeV, showing large
variations between different shower evolution variables. Right: detS⊥ after imposing the top
window cut 160 GeV < Qjet < 200 GeV, comparing to a 3 TeV top resonance. While detS⊥

shows promise in separating boosted tops from QCD fat jets, it is difficult to make a firm
conclusion given the large theoretical variance.

3.2 Boost-Invariant Event Shape

While boosted tops might be described theoretically by an M → ABC splitting, one still has
to find an experimental proxy for the A, B, and C subclusters. Instead of using a clustering
algorithm, an alternative strategy is to construct an event shape variable that uses all of the
hadrons in a jet to form an observable that measures the gross energy distribution.

The goal is to build an event shape that probes the fact the top decay products are widely
separated in the top rest frame, so one wants a boost-invariant event shape. Ideally, the event
shape would be invariant under both the boost axis and the boost magnitude. Unfortunately,
building a meaningful event shape that is invariant under choice of boost axis is difficult, because
in the M rest frame, the splitting M → ABC defines a plane. If the boost axis is perpendicular
to this plane then A, B, and C look well-separated, but if the boost axis is parallel to the plane,
then A, B, and C overlap.

We can still form an event shape that is invariant under the boost magnitude, by considering
a variant to the ordinary sphericity tensor [31].8 Taking the z-axis to be the boost direction,
consider a jet with total four vector {Ejet,!0⊥, pz

jet} and constituents pµ
α = {Eα, !p⊥α , pz

α}. The

(linear) jet transverse sphericity tensor S⊥ij is an object that is invariant under boosts along
the z-axis:

S⊥ij =

∑

α∈jet

!p⊥i
α !p⊥j

α

|!p⊥α |
∑

α∈jet

|!p⊥α |
. (10)

There is only one non-trivial eigenvalue of S⊥ since the two eigenvalues sum to 1, so we will take
the determinant of S⊥ to be our boost-invariant event shape. Note that detS⊥ is identically 0

8Strictly speaking, even this event shape is not invariant under boosts given finite calorimetry. Even though
!p⊥ is invariant under boosts, the calorimetry is defined by φ and η, which is invariant only under boosts along
the beam axis and not to boosts along the top momentum axis.

13

J. Thaler and LTW, arXiv:0806.0023. 
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Better reconstruction of the jet shape

• Can be used to further improve top tagging. An 
additional factor of several possible.  

• Interesting to compare with improved QCD calculation, 
using modern technologies such as SCET.

Planar Flow
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Defined in 
L. Almeida,  S. Lee, G. Perez, 
G. Sterman, I. Sung, J Virzi, arXiv:0807.0234
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Hiding Higgs.

• Alternative decay channels can dramatically change 
Higgs search strategy.

• Why can new jet technology help?

h

Less radiation 
outside this cone

Higgs Jet

Jet substructure

For example:
B.  Bellazzini, C. Csaki, A. Falkowski, A. Weiler, 
arXiv:0910.3210, arXiv:0906.3026

For example: 
P. Graham, A. Pierce, J. Wacker, hep-ph/0605162
M. Carena, T. Han, G. Huang, C. Wagner, arXiv:0712.2466

Boosted Higgs, studied in the context of
 SM-like Higgs by
J. Butterworth, A. Davidson, M. Rubin, G. 
Salam, arXiv:0802.2470
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Some preliminary results.
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Encouraging results.

sub-jet mass
balance

radiation pattern
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FIG. 1: Reconstructed mH = 100 GeV Higgs mass (left) in
the V +h channel, after the cuts of Table I (excluding the cut
on mH); (right) in the tt̄+h channel, after the cuts of Table II
(excluding the cut on mH). Error bars show statistical errors.

IV. ANALYSIS

Here we apply the substructure tools developed above
to two processes yielding a boosted Higgs: pp → hW
and pp → htt̄. Before proceeding with the analysis we
describe our Monte Carlo tools and assumptions.

We generate all signal and background events for htt̄
at tree level using MadGraph v4 [10] and shower them
using Pythia 6.4.21 [11]. We incorporate underlying
event and pile-up using Pythia’s “DW” tune and assum-
ing a luminosity per bunch crossing of 0.05 mb−1. We
generated signal samples for mh = 80, 100, 120 GeV and
ma = 8 GeV. Our tt̄+ jets sample is matched out to
two jets using the kT -MLM matching procedure [12] (our
V+ jets sample requires no matching as it is dominated
by 2 → 2 processes). Jet clustering is performed using
the anti-kT algorithm [13] as implemented in Fastjet
2.3 [14]. When constructing subjets our procedure is to
re-cluster the constituents of a jet using anti-kT with a
smaller radius, denoted Rsub.

A. Discovering a buried Higgs in the V + h channel

Here we consider a boosted Higgs recoiling against a
vector boson as in Ref. [4]. As the production rate for
pp → hW is larger than pp → hZ, and the branching
ratio of W into leptons is much larger than that of Z into
leptons, we will restrict ourselves to the process pp → hW
where W → lν for l = e, µ.

Our events are clustered using jet radii R of 0.8, 1.0,
and 1.2 for mh of 80, 100, and 120 GeV, respectively.
To force ourselves into the boosted region we will con-
sider events with a jet of pT > 200 GeV. The domi-
nant background then is pp → W + j. As one can see
in Table I, the initial backgrounds are horrendous. De-
manding that the average mass of the hardest two subjets
(using Rsub = 0.3) lie below 10 GeV and requiring the
trimmed [15] mass of the jet (using the trimming param-
eter fcut = 0.03) lie within mh ± 10 GeV helps, but it is
not sufficient for a Higgs discovery.

TABLE I: Cut efficiencies for a mh = 100 GeV Higgs in the
pp → hW channel using the procedure outlined in Sec. IVA.
At the end of the table we include results obtained using two
different values of pmin

T for β.

σsig (fb) σbg (fb) S/B S/
√
B

pT (j) > 200 GeV 16 30000 0.00052 0.9

subjet mass 12 19000 0.00062 0.9

Higgs window 7.1 400 0.018 3.6

α > 0.7 4.1 140 0.030 3.5

β < 0.005, pmin
T = 1 GeV 0.67 0.74 0.90 7.8

β < 0.005, pmin
T = 5 GeV 2.9 2.6 0.11 5.7

However, after cutting on the jet substructure variables
α > 0.7 and β < 0.005, 0.005, and 0.007 for mh of 80,
100, and 120 GeV, respectively, one finds a prominent
signal, discoverable regardless of whether one uses pmin

T =
1 GeV or a more conservative 5 GeV. The Higgs mass
distribution after these cuts is shown in Fig. 1. The final
signal significances for the three Higgs masses we consider
are shown in Table III.

B. Discovering a buried Higgs in the tt̄+ h channel

Here the signal process of interest is the associated
production of a Higgs with a tt̄ pair, followed by lep-
tonic decays of both top quarks and Higgs decaying as
h → aa → 4g. The final state consists of 2 b-tagged
jets, 2 opposite-sign leptons, and (at least) 2 hard jets.
The main background is tt̄+ jets, with secondary con-
tributions from Z + bb̄ and tt̄Z. Background processes
with jets faking a lepton or a b-jet are subleading. For
the signal we use the SM NLO tt̄H cross-section [16]; in
particular σtth ≈ 1 pb for mh = 100 GeV. We use the
NLO + NLL calculation of the inclusive tt̄+ jets cross-
section to normalize the tt̄+ jets background [17, 18],
σttj = 908 pb. The NLO cross-section for tt̄Z is much
smaller, σttZ = 1.1 pb [19].
Since the buried Higgs does not produce b-quarks in its

decay, the combinatoric problems that contribute to the
difficulty of using the tt̄h channel in the SM are signifi-
cantly ameliorated. In the dileptonic channel, there is in
principle no combinatoric background: the decay prod-
ucts of the top quarks can be cleanly separated from the
decay products of the Higgs, much as in the W +h chan-
nel. We first cluster particles using the anti-kT algorithm
with Rsub = 0.4. To select for events containing 2 top
quarks decaying leptonically we require two opposite-sign
isolated leptons and two b-jets satisfying pT,e > 15 GeV,
pT,µ > 10 GeV, pT,b > 20 GeV, |ηl,b| < 2.5. We assume
a flat b-tagging efficiency of 0.6. To control the Z + bb̄
background we require that same-flavor leptons do not
reconstruct a Z, |m$$ −mZ | > 10 GeV. After these cuts
the cross-section for Z + bb̄ is approximately 10% of the
cross-section for dileptonic tt̄+ jets. The importance of
Z + bb̄ drops further relative to tt̄+ jets when kinematic
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FIG. 1: Reconstructed mH = 100 GeV Higgs mass (left) in
the V +h channel, after the cuts of Table I (excluding the cut
on mH); (right) in the tt̄+h channel, after the cuts of Table II
(excluding the cut on mH). Error bars show statistical errors.

IV. ANALYSIS

Here we apply the substructure tools developed above
to two processes yielding a boosted Higgs: pp → hW
and pp → htt̄. Before proceeding with the analysis we
describe our Monte Carlo tools and assumptions.

We generate all signal and background events for htt̄
at tree level using MadGraph v4 [10] and shower them
using Pythia 6.4.21 [11]. We incorporate underlying
event and pile-up using Pythia’s “DW” tune and assum-
ing a luminosity per bunch crossing of 0.05 mb−1. We
generated signal samples for mh = 80, 100, 120 GeV and
ma = 8 GeV. Our tt̄+ jets sample is matched out to
two jets using the kT -MLM matching procedure [12] (our
V+ jets sample requires no matching as it is dominated
by 2 → 2 processes). Jet clustering is performed using
the anti-kT algorithm [13] as implemented in Fastjet
2.3 [14]. When constructing subjets our procedure is to
re-cluster the constituents of a jet using anti-kT with a
smaller radius, denoted Rsub.

A. Discovering a buried Higgs in the V + h channel

Here we consider a boosted Higgs recoiling against a
vector boson as in Ref. [4]. As the production rate for
pp → hW is larger than pp → hZ, and the branching
ratio of W into leptons is much larger than that of Z into
leptons, we will restrict ourselves to the process pp → hW
where W → lν for l = e, µ.

Our events are clustered using jet radii R of 0.8, 1.0,
and 1.2 for mh of 80, 100, and 120 GeV, respectively.
To force ourselves into the boosted region we will con-
sider events with a jet of pT > 200 GeV. The domi-
nant background then is pp → W + j. As one can see
in Table I, the initial backgrounds are horrendous. De-
manding that the average mass of the hardest two subjets
(using Rsub = 0.3) lie below 10 GeV and requiring the
trimmed [15] mass of the jet (using the trimming param-
eter fcut = 0.03) lie within mh ± 10 GeV helps, but it is
not sufficient for a Higgs discovery.

TABLE I: Cut efficiencies for a mh = 100 GeV Higgs in the
pp → hW channel using the procedure outlined in Sec. IVA.
At the end of the table we include results obtained using two
different values of pmin

T for β.

σsig (fb) σbg (fb) S/B S/
√
B

pT (j) > 200 GeV 16 30000 0.00052 0.9

subjet mass 12 19000 0.00062 0.9

Higgs window 7.1 400 0.018 3.6

α > 0.7 4.1 140 0.030 3.5

β < 0.005, pmin
T = 1 GeV 0.67 0.74 0.90 7.8

β < 0.005, pmin
T = 5 GeV 2.9 2.6 0.11 5.7

However, after cutting on the jet substructure variables
α > 0.7 and β < 0.005, 0.005, and 0.007 for mh of 80,
100, and 120 GeV, respectively, one finds a prominent
signal, discoverable regardless of whether one uses pmin

T =
1 GeV or a more conservative 5 GeV. The Higgs mass
distribution after these cuts is shown in Fig. 1. The final
signal significances for the three Higgs masses we consider
are shown in Table III.

B. Discovering a buried Higgs in the tt̄+ h channel

Here the signal process of interest is the associated
production of a Higgs with a tt̄ pair, followed by lep-
tonic decays of both top quarks and Higgs decaying as
h → aa → 4g. The final state consists of 2 b-tagged
jets, 2 opposite-sign leptons, and (at least) 2 hard jets.
The main background is tt̄+ jets, with secondary con-
tributions from Z + bb̄ and tt̄Z. Background processes
with jets faking a lepton or a b-jet are subleading. For
the signal we use the SM NLO tt̄H cross-section [16]; in
particular σtth ≈ 1 pb for mh = 100 GeV. We use the
NLO + NLL calculation of the inclusive tt̄+ jets cross-
section to normalize the tt̄+ jets background [17, 18],
σttj = 908 pb. The NLO cross-section for tt̄Z is much
smaller, σttZ = 1.1 pb [19].
Since the buried Higgs does not produce b-quarks in its

decay, the combinatoric problems that contribute to the
difficulty of using the tt̄h channel in the SM are signifi-
cantly ameliorated. In the dileptonic channel, there is in
principle no combinatoric background: the decay prod-
ucts of the top quarks can be cleanly separated from the
decay products of the Higgs, much as in the W +h chan-
nel. We first cluster particles using the anti-kT algorithm
with Rsub = 0.4. To select for events containing 2 top
quarks decaying leptonically we require two opposite-sign
isolated leptons and two b-jets satisfying pT,e > 15 GeV,
pT,µ > 10 GeV, pT,b > 20 GeV, |ηl,b| < 2.5. We assume
a flat b-tagging efficiency of 0.6. To control the Z + bb̄
background we require that same-flavor leptons do not
reconstruct a Z, |m$$ −mZ | > 10 GeV. After these cuts
the cross-section for Z + bb̄ is approximately 10% of the
cross-section for dileptonic tt̄+ jets. The importance of
Z + bb̄ drops further relative to tt̄+ jets when kinematic

W/Z+h

A. Falkowski, D. Krohn,  J. Shelton,  A.  Thalapillil, and LTW, arXiv:1006.1650

ttbar+h
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Substructures: current and future

• Boosted (almost) everything already.

• Rather simple techniques. Currently, 

• Combine, optimize, test.

• LHC experimental groups have started using them.

• New substructure (jet shape).

• Color flow...

• Better theoretical (QCD) understanding of the 
substructure. 

• Particularly for the QCD jets.

• SCET....
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Conclusions

• Better handles on the hadronic final states are 
instrumental for discovery at the LHC.

• Based on consideration of QCD radiation, we proposed 
a set of carefully constructed new jet algorithms and 
substructure variables.

• Much improved performance, jet mass, jet shape, etc.

• They can significantly enhance new physics signals in 
many important new physics channels.

• Boosted or “slow” hadronic tops, WW scattering, 
Higgs search, heavy squark...

• A promising direction.  Stay tuned.
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ISR tagging

• Pick: distinct PT

• Or, distinct rapidity

• Or

• And, not central

• Separated from others

• FSRs must be similar
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Why is it possible to gain?

• MI, UE, and pile-up are incoherent soft background. They 
can be effectively removed with a cut on soft radiation.

• Both FSR (want to keep) and ISR (want to discard) have 
soft radiation, but 

• ISR: 

• FSR is controlled by both collinear and soft 
singularities: 

• Therefore, a soft cut relative to the jet energy flow 
could enhance FSR relative to ISR.
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Planar Flow

1. Introduction

Why we care about buried higgs...

1.1 Simulation notes

2. Jet Substructure Methods

2.1 h→ bb̄

Review Gavin’s method

2.2 h→ gg

Z + X W + X

Jet mass 0 < mj −mh < 20 GeV
Ratio subjet masses α > 0.7 X
Subleading jet pT β >?

Planar flow Pf >?

Table 1: Cuts.

Z + h Z + j

mh = 80 mh = 100 mh = 120 mh = 80 mh = 100 mh = 120
Start 3.0 2.7 2.4 4.2 · 103 4.2 · 103 4.2 · 103

mj 1.8 1.6 1.0 4.8 · 102 2.3 · 102 1.1 · 102

α 1.0 0.90 0.54 5.1 · 101 4.1 · 101 2.6 · 101

β 0.13 0.13 0.09 3.0 · 10−1 1.5 · 10−1 1.3 · 10−1

Table 2: Cut efficiencies

α = min
[
m(j1)
m(j2)

,
m(j2)
m(j1)

]
(2.1)

β =
pT (j3)
pT (j)

(2.2)

The planar flow of a jet is defined as [?, ?]

Pf =
4λ1λ2

(λ1 + λ2)2
(2.3)

where λ1,2 are the two eigenvalues of the matrix

Ikl
w =

∑

i

wi
pi,k

wi

pi,l

wi
(2.4)
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Top tagging: jet mass

• QCD jets also have mass.

• Top jets vs QCD jets

Using jet mass? However, < QjQCD
>∼ 0.07 − 0.1 × pj

T
∗

Useful. Additional variable?

For the rest of the talk: focus only on the shape of the distribution.
All kin. distributions are normalized to 1.
∗Parton shower: PYTHIA 6 (8) T. Sjostrand, S. Mrenna and P. Skands, hep-ph/0603175,
arXiv:0710.3820
→FASTJET, M. Cacciari and G. P. Salam, hep-ph/0512210.

Using jet mass only.

Jet mass.
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Boosted top is also hard to identify.

• Heavy resonance decay.

No isolated objects

X

t̄

t

Collimation: ∆R = 0.4, mNP ∼ 3 TeV∗
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•For mtt̄ > 3 TeV, > 90% events with at least one top fully collimated.

•Large fraction of events “2-object”-like. QCD b̄b, jj background.

•A few % with lepton isolation

∗B. Lillie, L. Randall, LW (hep-ph/0701166)

Challenges at the LHC

1. SM tt̄ has long tail in mtt̄.

2. Wider resonances, Γ ∼ 0.2M . PDF distorts the shape of resonances.

3. EWPT typically constrains the composites to be quite heavy ≥ 3TeV∗.

−→ Very energetic tops

Reconstruction of tops based on isolated objects is likely to fail.

ν, d̄, ...

e+
, u, ...

b

W+

t

boost

∗K. Agashe, A. Delgado, M. May, R. Sundrum, hep-ph/0308036
B. Lillie, L. Randall, and LTW, hep-ph/0701166  
L. Almeida, S. Lee, G. Perez, I. Sung, J. Virzi, arXiv:0810.0934
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Top tagging efficiency 

• z-variable gives an additional about factor of 2 
enhancement in performance. 

• Together with jet mass, an enhancement of 100 of S/B is 
possible.

Efficiency vs rejection (against QCD jets)

Performance of different z variables. Combined cuts

J. Thaler and LTW, arXiv:0806.0023. 

Related studies: 
D. Kaplan, K. Reherman, M. Schwartz, B. Tweedie, arXiv: 0806.0848.
L. Almeida, S. Lee, G. Perez, G. Sterman, I. Sung, J. Virzi, arXiv:0807.0243 
Gustaaf H. Brooijmans, arXiv:0802.3715;  CMS, CMS PAS JME-09-001 
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Boosted tops.

• Tops are interesting!

• Top plays an important role in electroweak symmetry 
breaking. 

• Top generically couples to heavy new resonances 
which is an important part of TeV new physics.

• Examples.

• Composite top couples strongly to other 
composite resonances.

• New heavy scalars couple like Higgs. 

• A good example of  subjet techniques. 

Many examples. 
K. Agashe,  A. Delgado, M. May, R. Sundrum, hep-ph/0308036
M. Carena, B. Panes, A. Medina, N. Shah, C. Wagner, arXiv:0706.1281, 0712.0095

For example: A. Manohar and M. Wise,  hep-ph/0606172

Friday, January 28, 2011



d12
d23

d13 φ

η

d12 < d13 < d23 < d(1,2,3)B < di4
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