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Jets

1

Tuesday, September 11, 12



Two aspects of new developments

• Better QCD jet.

- Smarter jet algorithm.

- Noise suppression with jet grooming.

• Jet substructure.

- Boosted top. 

- Higgs.

Boston Jet Workshop: 
 http://jets.physics.harvard.edu/workshop/Main.html
Northwest Terascale workshop
http://www.physics.uoregon.edu/~soper/Jets2011/talks.html
Boost 2011, May, 23-27, Princeton. 
http://boost2011.org
Boost 2012, July, 23-27, Valencia, Spain. 
http://ific.uv.es/boost2012/
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Want to play with it?

- Parton level Signal and background:
 Madgraph, Alpgen, ... 

- ME+PS matching, UE, Pileup:
Pythia, Herwig, Sherpa, ... 

- Some detector effect, in particular, granularity 
0.1x0.1

PGS, Delphes, “by hand”.

- Jet tools.
Fastjet.

SpartyJet

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

http://projects.hepforge.org/spartyjet/

3

Tuesday, September 11, 12

http://www.lpthe.jussieu.fr/~salam/fastjet/
http://www.lpthe.jussieu.fr/~salam/fastjet/
http://projects.hepforge.org/spartyjet/
http://projects.hepforge.org/spartyjet/


The importance of jets:

- “Everywhere” at hadron colliders.

- Present in (almost) all new physics signals. 
Many of them only have hadronic channels.
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Jet look likes 

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

Jets with substructure. 

Challenge: distinguishing them from QCD jets (q and g).
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Need new jet tools for the LHC.

- More energetic, bigger, jet at the LHC.
LHC jet:         50 GeV - several TeV

Tevatron jet:   50 - 100s GeV

• Much higher “noise” level at the LHC.

- LHC:               10-100 GeV / rapidity

- Tevatron:          2-10 GeV / rapidity
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Hadron collision

Introduction SHERPA Parton level Parton to hadron level Hadron decays Conclusions

Simulation’s paradigm

Basic strategy
Divide event into stages,
separated by different scales.

Signal/background:
Exact matrix elements.

QCD-Bremsstrahlung:
Parton showers (also in initial state).

Multiple interactions:
Beyond factorization: Modeling.

Hadronization:
Non-perturbative QCD: Modeling.

Sketch of an event

F. Krauss IPPP

Monte Carlo tools: Sherpa

Drawing: F. Krauss
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Why can we calculate at all?

- Perturbatively, we can only calculate with quark 
and gluon in hard collisions. 

- Factorization.

- IRC safety, need proper choice of observable.
Soft or collinear radiation should not be able to 
induce “large” changes in the observable. 

Otherwise, we cannot compare calculation with 
observables.
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Factorization: intuition
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Factorization: intuition
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time (distance) scale Q-1 

“talking” to the  rest of the proton
time(distance) scale mproton-1

If Q-1 ≪ mproton-1  (hard interaction)
Two processes should not affect
each other → Factorization!
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A similar story for final states 
fragmentation, q,g⇒ hadrons (pion, K...)
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Factorization
- Schematics of production at hadron colliders. 
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Partonic cross section
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Hadron collision. 

Introduction SHERPA Parton level Parton to hadron level Hadron decays Conclusions

Simulation’s paradigm

Basic strategy
Divide event into stages,
separated by different scales.

Signal/background:
Exact matrix elements.

QCD-Bremsstrahlung:
Parton showers (also in initial state).

Multiple interactions:
Beyond factorization: Modeling.

Hadronization:
Non-perturbative QCD: Modeling.

Sketch of an event

F. Krauss IPPP

Monte Carlo tools: Sherpa
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PDF PDF

Clusters of hadronic energy
final state object: jet
pjet = Σ p of constituents 

Inclusive: independent of 
final states, just energy

Very important: 
need pjet ≈ pparton 
Can use parton level 
calculation to predict 
jet properties
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Hadron collision

Introduction SHERPA Parton level Parton to hadron level Hadron decays Conclusions

Simulation’s paradigm
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Initial state radiation

soft, long distance interactions
Fragmentation (q,g ⇒ hadrons) ...
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Factorization

S

H
B1 B2

J1

J2

σ = B1 ⊗ B2  ⊗ H ⊗ J1 ⊗ J2  ⊗ S

B1 = dx1 f(x1), B2 = dx2 f(x2).
= H ⊗ J1 ⊗ J2  ⊗ S
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Well tested.
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Why is it hard?
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Why is it hard?

•  To best preserve                         we would like to:

• Use “smart” jet shapes.

• Reduce “noise”.

a. Overlapping jets.

Proper choice of cone size?

Part of the beam?

ISR (beam) clustered
Multiple interaction, 
underlying events, 
pile-up

jet

jet
jet

jet

“beam”
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What do jets look like? 
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Parton splitting, collinear limit

θ
pM

pA

pB

z =
EA

EM

t = p2M = (pA + pB)
2

The main feature of radiation can be seen by considering 
the Collinear limit:  𝜃 ⇒ 0,  t≪ EM2

Relevant kinematical variables

�

Tuesday, September 11, 12



Collinear factorization

12
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Collinear factorization
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Splitting function, IR singular as z⇒0, 1

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

∣

∣

∣

∣

z −
1

2

(

1 +
Q2

A

Q2
M

−
Q2

B

Q2
M

)
∣

∣

∣

∣

≤
βM

2
λ(Q2

M , Q2
A, Q2

B), βM =
√

1 − Q2
M/E2

M , (20)

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 .
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Combining with 

|Mn+1|2d⇧n+1 ' |Mn|2d⇧n
dt

t
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2⇡
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Radiation wants to be collinear and soft
   PreSUSY, Beijing, August 8-11, 2012                                                            Monte Carlo simulation for the LHC     Johan Alwall

The spin averaged (unregulated) splitting functions for the various 
types of branching are: 

Parton Shower basics
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Shape of a jet: parton shower

• From the initial parton, a jet is built up by many 
radiations (splittings).    • QCD jets: robust feature at leading log

Parton → radiation/branching → shower

Consider branching M → A+B A shower history is characterized by

t: evolution variable, such as virtuality QM , pT ...

z: energy fraction of branching min(EA, EB)/EM

Prefers collinear radiation P ~ (z)-1 prefers soft radiation

QCD jet: a cluster of radiation
a) relatively soft
b) close to the direction of PM

c) approximately symmetrical around PM

21
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Jet Algorithms.

• Two type of decisions, based on two types criteria: 

- What to cluster.

- When to stop cluster.

•  Choice of the criteria determines the properties of the 
jets. 

A set of vectors {pi}
Calorimeter towers...

Jets:  {PJ}

Clustering
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Figure 7: A sample parton-level event (generated with Herwig [101]), together with many ran-
dom soft “ghosts”, clustered with four different jet algorithms, illustrating the “active” catchment
areas of the resulting hard jets (cf. section 4.4). For kt and Cam/Aachen the detailed shapes are
in part determined by the specific set of ghosts used, and change when the ghosts are modified.

degree of regularity (or not) of the boundaries of the resulting jets and their extents in the
rapidity-azimuth place.

3 Computational geometry and jet finding

It takes the human eye and brain a fraction of a second to identify the main regions of
energy flow in a calorimetric event such as fig. 7. A good few seconds might be needed to
quantify that energy flow, and to come to a conclusion as to how many jets it contains.
Those are timescales that usefully serve as a reference when considering the speed of jet
finders — if a jet finder takes a few seconds to classify an event it will seem somewhat
tedious, whereas a few milliseconds will seem fast. One can reach similar conclusions by
comparing to the time for a Monte Carlo event generator to produce an event (from tens

29

22

Tuesday, September 11, 12



First consideration: IRC safety
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collinear splitting
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First consideration: IRC safety

Soft or collinear radiation should not be able to 
induce “large” changes in the observable. 

Otherwise we cannot compute and compare with 
experiments. 
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First consideration: IRC safety

Soft or collinear radiation should not be able to 
induce “large” changes in the observable. 

Otherwise we cannot compute and compare with 
experiments. 
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soft radiation
collinear splitting

All of these should be 2 jet events!
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Seeded cone

• Starting with a set of seeds (momenta which are “more 
likely” to be the centers of the jets).

• Draw a cone of certain size around each seed.

• Within each cone, add up all momenta. Use the new 
direct as the new seed. 

• Iterate this process until we end up with stable cones. 

24

Tuesday, September 11, 12



Seeded Cone, IR unsafe
Jet algs., G. Salam (p. 7)

Cone algs

Issues with iteration
Seeded IC-SM: infrared issue

Use of seeds is dangerous
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No other radiation with the radius of cones centered on the seeds
“stable cone”, clustering stops. 2 jets.

an event with 2 jets  becomes an event with one jet because of a soft radiation
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Sequential recombination jet algorithm

• 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

26
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d12
d23

d13 φ

η

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

4
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η
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d12

φ

η

d12 < d(1,2)B < di4

4
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Coordinate System

� = � ln
⇤
cot

�
⇥

2

⇥⌅
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Distance measure:
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Recombination Algorithms

• kT algorithm

• C/A algorithm

• anti-kT algorithm

dij = min(p2
Ti, p

2
Tj)

�
�R

R0

⇥2

, diB = p2
Ti

dij = min(p�2
Ti , p�2

Tj )
�

�R

R0

⇥2

, diB = p�2
Ti

dij =
�

�R

R0

⇥2

, diB = 1

A BABAB

anti−kT kTC/A

Approximate Jet Behavior:

pTA > pTB

Hard to Soft Soft to HardNear to Far

A BABAB

anti−kT kTC/A

Approximate Jet Behavior:

pTA > pTB

Hard to Soft Soft to HardNear to Far

A BABAB

anti−kT kTC/A

Approximate Jet Behavior:

pTA > pTB

Hard to Soft Soft to HardNear to Far
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Figure 7: A sample parton-level event (generated with Herwig [101]), together with many ran-
dom soft “ghosts”, clustered with four different jet algorithms, illustrating the “active” catchment
areas of the resulting hard jets (cf. section 4.4). For kt and Cam/Aachen the detailed shapes are
in part determined by the specific set of ghosts used, and change when the ghosts are modified.

degree of regularity (or not) of the boundaries of the resulting jets and their extents in the
rapidity-azimuth place.

3 Computational geometry and jet finding

It takes the human eye and brain a fraction of a second to identify the main regions of
energy flow in a calorimetric event such as fig. 7. A good few seconds might be needed to
quantify that energy flow, and to come to a conclusion as to how many jets it contains.
Those are timescales that usefully serve as a reference when considering the speed of jet
finders — if a jet finder takes a few seconds to classify an event it will seem somewhat
tedious, whereas a few milliseconds will seem fast. One can reach similar conclusions by
comparing to the time for a Monte Carlo event generator to produce an event (from tens
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! Example: here’s an event with 500 GeV dijets (left), and 
the same event with fifty pileup events (right).

! We’ll encounter this level of pileup next year, 

! Somehow we’re going to have to find new physics in 
this mess!

8

Pile-up

Event with 2 jets of 500 GeV

tracks pT > 0.5 GeV and

# cluster > 1 Pixel+IBL

same event adding pileup for 2x1034cm-2s-1

same track selection applied

Expected 50 pile-up events at 2x1034cm-2s-1

Talk by S. Grancagnolo at DPG Karlsruhe
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Messy environment

Some “clean up” procedure, filtering, pruning, trimming. 
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Jet energy/momentum errors

36

Some insight can be obtained from analytical NLO calculations of jet cross sections,
such as [123, 124, 125, 126, 127]. A feature that is common to them is that at the first
non-trivial order, cross sections acquire a lnR dependence in the small-R limit. The
small-R limit is one case where one can say something meaningful the relation between
a jet’s pt and that of the original parton (another is the threshold limit, for example
[128, 129, 130, 131, 127]), because the emitting parton decouples from its environment, a
consequence of angular ordering. Working in a collinear approximation and considering
an initial quark, with a gluon emission matrix element proportional to the real Pqq(z)
splitting function (Pqq(z) = CF (1+z2)/(1−z)), one can simply write the average difference
δpt = pt,jet − pt,quark as

〈δpt〉pert =
∫

dθ2

θ2

∫

dz pt
(

max[z, 1 − z]− 1
)

︸ ︷︷ ︸

δpt

αs

(

θ (1− z) pt
)

2π
Pqq(z)Θ

(

θ − falg(z)R
)

,

(27)
where one integrates over the angle θ between the quark and an emitted gluon and over
the momentum fraction z that is kept by the quark, weighting the matrix element with the
loss of momentum from the leading jet, pt(max[z, 1 − z] − 1), when the gluon and quark
form two separate jets, θ > falg(z)R (throughout this section, θ is to be understood as a
boost-invariant angle, θ ≡ ∆Rqg). The quantity falg(z) reflects the algorithm’s reach, cf.
eqs. (22,24) and is given by

f(z) =

{

1 kt, C/A, anti-kt
1 + min( z

1−z ,
1−z
z ) SISCone

(28)

Carrying out the integration in a fixed-coupling approximation gives

〈δpt〉pert
pt

=
αs

π
Li lnR +O (αs) , R % 1 , (29)

with Li a coefficient that depends on whether it is a quark or a gluon that is the initiating
parton (cf. [132]):

Lq = CF

(

2 ln 2− 3

8

)

& 1.01CF , (30a)

Lg = CA

(

2 ln 2− 43

96

)

+ nf TR
7

48
& 0.94CA + 0.15TRnf , (30b)

One notes that for small R the result of eq. (29) is negative. The unspecified pure O (αs)
term reflects the result’s dependence on the large-angle environment. It can be defined
unambiguously only in the threshold limit. Neglecting it, one comes to the conclusion that
with R = 0.4, a quark-induced jet has, on average, a pt that is about 4− 5% smaller than
the initiating parton, while a gluon jet’s pt is 8− 10% smaller.
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Lost Radiation (outside of the cone)
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term reflects the result’s dependence on the large-angle environment. It can be defined
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⇒
Uniform contamination: underlying events, pile-up  ∝ jet area ∝ R2

pattern of slight differences that are observed in fig. 14 with respect to the algorithm-
independent behaviour that is given by eqs. (37c,38).

A point emphasised in [157] is that even if the non-perturbative modification of a jet’s
pt is rather modest, O (1 GeV), it can nevertheless have a significant impact on steeply
falling cross sections. Given a jet pt spectrum that falls as p−n

t , the full result for the jet
spectrum can be expressed in terms of the perturbative spectrum and the non-perturbative
shift as

dσfull
dpt

(pt) →
dσPT
dpt

(pt − 〈δpt〉NP) %
dσ

dpt
(pt) ·

(

1− n
〈δpt〉NP

pt

)

. (41)

Thus for typical values of n in an inclusive-jet spectrum, a 2% change in pt can lead to a
10 − 15% change in the cross section (this observation holds also for pt shifts due to the
underlying event, which are discussed below). These are the order of magnitudes often
seen in experiments’ Monte Carlo studies of hadronisation, whose results also cast light
on the R-dependence of non-perturbative effects [74] and on the differences between jet
algorithms [31, 166, 3, 72].

A final point is that the above methods can also be used to calculate the non-perturbative
corrections to the squared jet mass,

〈δM2〉NP % 2CF

π
Λpt

(

R +O
(

R3
))

≡ 4CF

π
MA(µI) pt

(

R +O
(

R3
))

, (42)

where the R3 terms have small coefficients [132]. Note that for jet algorithms other than
anti-kt, the Milan factors for 〈δpt〉NP and 〈δM2〉NP will not be the same.

4.4 UE, pileup, jet areas

While the process of hadronisation may well be reasonably universal between e+e−, DIS
and pp collisions, the latter have the additional feature of the “underlying event” (UE),
which can be thought of as the semi- or non-perturbative interactions that occur between
hadron remnants in a pp collision. Our understanding of the UE is somewhat less developed
than that of hadronisation. One way that one can model it is by saying that it induces an
extra amount of transverse momentum per unit rapidity, ΛUE.25 In this case a jet should
receive a position contribution to its pt from the UE that is proportional to the region of
the rapidity-azimuth region that it covers, i.e. ∼ R2:

〈δpt〉UE % ΛUERJ1(R) = ΛUE

(
R2

2
− R4

8
+ . . .

)

. (43)

where terms at R4 and beyond [132] hold for the a 4-vector (E) recombination scheme.
The corresponding formula for the change to the squared jet mass is

〈δM2〉UE % ΛUE pt

(
R4

4
+

R8

4608
+ . . .

)

. (44)

25Later we will talk of transverse momentum ρ per unit area on the rapidity-azimuth plane; ΛUE =
2πρUE .
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Shape of jets.
quark jets gluon jets

Tevatron 0.56 0.73
LHC (14 TeV) 0.41 0.54

Table 6: R values that minimise the two non-perturbative contributions in various circumstances
for Tevatron and LHC running, based on eq. (53), with 2MA(µI)/π = 0.19 GeV and ΛUE =
4 GeV (10 GeV) at the Tevatron (LHC).
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Figure 19: Left: sum of the squares of the mean shifts of a jet’s momentum due to perturbative
gluon radiation, hadronisation and the UE, as a function of R for pt ∼ 50 GeV quark jets at the
Tevatron; right: the resulting crude estimate for the “best” R as a function of jet pt, for quark
and gluon jets at the Tevatron and LHC (14 TeV). These values are to be taken as indicative of
general trends rather than reliable estimates of the best R. The plots use the same parameters
as table 6 and the perturbative contribution is taken in the small-R limit. Taken from [132].

If one uses jets for kinematic reconstruction, the considerations are different: when
trying to identify a mass peak, for example, it is of little consolation that one can calcu-
late the perturbative degradation of the peak if that degradation in any case causes the
peak to disappear under the background. A very crude estimate of what goes on can be
had by assuming that fluctuations in a jet’s momentum due to perturbative radiation,
hadronisation and UE are each proportional to their average effect. Adding the squared
averages in quadrature gives fig. 19 (left) and the minimum provides an idea of the optimal
R (as before, ignore differences between algorithms), and illustrates how the main relevant
interplay is between perturbative radiation and the UE. The right-hand plot shows how
the resulting optimal R varies with pt: gluon jets and high pt jets prefer larger R values
(because of the greater relative importance of perturbative radiation), while one needs
smaller R values at the LHC than at the Tevatron (the former has more UE).

While fig. 19 is useful for understanding general trends (notably the need for large R
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Shape of jets.
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LHC (14 TeV) 0.41 0.54

Table 6: R values that minimise the two non-perturbative contributions in various circumstances
for Tevatron and LHC running, based on eq. (53), with 2MA(µI)/π = 0.19 GeV and ΛUE =
4 GeV (10 GeV) at the Tevatron (LHC).
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and gluon jets at the Tevatron and LHC (14 TeV). These values are to be taken as indicative of
general trends rather than reliable estimates of the best R. The plots use the same parameters
as table 6 and the perturbative contribution is taken in the small-R limit. Taken from [132].

If one uses jets for kinematic reconstruction, the considerations are different: when
trying to identify a mass peak, for example, it is of little consolation that one can calcu-
late the perturbative degradation of the peak if that degradation in any case causes the
peak to disappear under the background. A very crude estimate of what goes on can be
had by assuming that fluctuations in a jet’s momentum due to perturbative radiation,
hadronisation and UE are each proportional to their average effect. Adding the squared
averages in quadrature gives fig. 19 (left) and the minimum provides an idea of the optimal
R (as before, ignore differences between algorithms), and illustrates how the main relevant
interplay is between perturbative radiation and the UE. The right-hand plot shows how
the resulting optimal R varies with pt: gluon jets and high pt jets prefer larger R values
(because of the greater relative importance of perturbative radiation), while one needs
smaller R values at the LHC than at the Tevatron (the former has more UE).

While fig. 19 is useful for understanding general trends (notably the need for large R
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Shape of jets.
quark jets gluon jets

Tevatron 0.56 0.73
LHC (14 TeV) 0.41 0.54

Table 6: R values that minimise the two non-perturbative contributions in various circumstances
for Tevatron and LHC running, based on eq. (53), with 2MA(µI)/π = 0.19 GeV and ΛUE =
4 GeV (10 GeV) at the Tevatron (LHC).
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and gluon jets at the Tevatron and LHC (14 TeV). These values are to be taken as indicative of
general trends rather than reliable estimates of the best R. The plots use the same parameters
as table 6 and the perturbative contribution is taken in the small-R limit. Taken from [132].

If one uses jets for kinematic reconstruction, the considerations are different: when
trying to identify a mass peak, for example, it is of little consolation that one can calcu-
late the perturbative degradation of the peak if that degradation in any case causes the
peak to disappear under the background. A very crude estimate of what goes on can be
had by assuming that fluctuations in a jet’s momentum due to perturbative radiation,
hadronisation and UE are each proportional to their average effect. Adding the squared
averages in quadrature gives fig. 19 (left) and the minimum provides an idea of the optimal
R (as before, ignore differences between algorithms), and illustrates how the main relevant
interplay is between perturbative radiation and the UE. The right-hand plot shows how
the resulting optimal R varies with pt: gluon jets and high pt jets prefer larger R values
(because of the greater relative importance of perturbative radiation), while one needs
smaller R values at the LHC than at the Tevatron (the former has more UE).

While fig. 19 is useful for understanding general trends (notably the need for large R
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Going beyond anti-KT:  “noise” control 

• Noise: Initial state radiation (ISR), multiple interaction 
(MI), underlying events (UE), pile-up (PU).
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Room for improvement! 
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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 · �hard

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

ISR argument.
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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:                  no direction correlation. 

• FSR is controlled by both collinear and soft 
singularities: 

• Tends to be clustered into subjet, and kept.

• Therefore, a soft cut on subjet relative to the jet 
energy flow could enhance FSR relative to ISR.
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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, � � [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 ⇥ ⇥⇥ gg where ⇥ is a color octet scalar
with m� = 500 GeV.

The results of this reconstruction are presented in Table 2. Here we are interested
primarily in two di⇤erent 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 e⇤ective 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 ⇥ 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 � parameter.
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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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Jet mass: 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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Jet substructure
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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
S. Chekanov and J. Proudfoot.
...

Butterworth, Davidson, Bubin, Salam

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

e.g.

h
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For example, boosted top quark.
- 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

Lillie, Randall, and Wang, JHEP 0709:074, 2007
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Shape of a jet: parton shower

• From the initial parton, a jet is built up by many 
radiations. • QCD jets: robust feature at leading log

Parton → radiation/branching → shower

Consider branching M → A+B A shower history is characterized by

t: evolution variable, such as virtuality QM , pT ...

z: energy fraction of branching min(EA, EB)/EM

Prefers collinear radiation P ~ (z)-1 prefers soft radiation

QCD jet: a cluster of radiation
a) relatively soft
b) close to the direction of PM

c) approximately symmetrical around PM

47
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QM2 (first splitting ) = virtuality or  “mass “of orginal parton 
≈ jet mass

d�

dm2
jet

/ 1

m2
jet

For QCD jets
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(hadronic) Top tagging at the LHC

• Fully collimated tops look like QCD jets.

W+

b
t

q

E1

E2

Zooming in near the first splitting

Soft radiation:

Top.

First splitting

Jet mass: 

QCD.

Decay: 

Jet mass:

• QCD: radiation.

•    Top decay:                      3 hard objects.
Basic distinction:

48
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Building a microscope to look inside jets.

• The jet clustering history is approximately the inverse of 
the  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

• 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

Thaler and LTW, arXiv:0806.0023. 
Almeida,  Lee, Perez, Sterman, Sung,  Virzi, arXiv:0807.0234

Pf ≈ 0 Pf ≈ 1

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 � > 0.7 X
Subleading jet pT ⇥ >?

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

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

⇥ 0.13 0.13 0.09 3.0 · 10�1 1.5 · 10�1 1.3 · 10�1

Table 2: Cut e⇤ciencies

� = min
�
m(j1)
m(j2)

,
m(j2)
m(j1)

⇥
(2.1)

⇥ =
pT (j3)
pT (j)

(2.2)

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

Pf =
4⇤1⇤2

(⇤1 + ⇤2)2
(2.3)

where ⇤1,2 are the two eigenvalues of the matrix

Ikl
w =

⇤

i

wi
pi,k

wi

pi,l

wi
(2.4)

– 1 –
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Grooming gives better 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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Various top taggers

G. Brooijmans, arXiv:0802.3715;  
CMS Coll. CMS PAS JME-09-001
J. Thaler, LTW, arXiv:0806.0023
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 
L. Almeida, S. Lee, G. Perez, G. Sterman, I. Sung, arXiv:1006.2035
Barger, Huang, 1102.3183

! 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

efficiency

0.1 0.2 0.3 0.4 0.5 0.6 0.7

m
is

ta
g
 r

a
te

0

0.05

0.1

0.15

0.2

0.25
Hopkins

CMS

Pruning

ATLAS
Thaler/Wang

(a) all pT samples

efficiency

0.1 0.2 0.3 0.4 0.5 0.6 0.7

m
is

ta
g
 r

a
te

-3
10

-2
10

-1
10

1
Hopkins

CMS

Pruning

ATLAS
Thaler/Wang

(b) all pT samples

efficiency

0.1 0.2 0.3 0.4 0.5 0.6 0.7

m
is

ta
g
 r

a
te

-3
10

-2
10

-1
10

1
Hopkins

CMS

Pruning

ATLAS
Thaler/Wang

(c) 300–400 GeV

efficiency

0.1 0.2 0.3 0.4 0.5 0.6 0.7

m
is

ta
g
 r

a
te

-3
10

-2
10

-1
10

1
Hopkins

CMS

Pruning

ATLAS
Thaler/Wang

(d) 500–600 GeV

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 theW 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

Boost 2010 proceeding, 1012.5421
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BDRS (+filtering)

• Z+H and W+H with H->bb. 

• Considered boosted Higgs.

• Better acceptance.

• backgroud such as ttbar 
boost differently.

• Similar result reproduced by 
ATLAS

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 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

Butterworth, Davison, Rubin, Salam, 0802.2470
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Figure 5: Distribution of the invariant mass of the Higgs candidate after all selection cuts. (a)
lνbb̄ channel (b) llbb̄ channel and (c) Emiss

T bb̄ channel. The signals (for mH = 120 GeV) are
shown on top of the backgrounds. All distributions are normalized to an integrated luminosity
of 30 fb−1.

compared to the particle-level result for this channel in Ref. [3] of 3.1. Note that in the particle-
level study, high Emiss

T events were in fact counted in the Emiss
T bb̄ channel regardless of whether

a lepton was identified, thus reducing the relative contribution to the significance from the lνbb̄
channel compared to our result.

The trigger efficiency has not been applied.

4.3 llbb̄ channel

The requirement of leptonic Z decay leads to small branching ratios. However this is coun-
teracted by the fact that it is hard for backgrounds such as tt̄ to emulate this signature. The
selection consists of two parts, firstly a candidate for the hadronic H → bb system is identified

10

ATL-PHYS-PUB-2009-088
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New developments: N-jettiness

• Using event shape instead of clustered jets. 

• Allowing better QCD (SCET) treatments.

• Example: application in jet veto in Higgs searches. 

Factorization and Resummation in SCET Higgs + 0 Jets at NNLL+NNLO More Jets Summary

N-Jettiness Event Shape

TN =
⇤

k

|�pkT | min
�
da(pk), db(pk), d1(pk), d2(pk), . . . , dN(pk)

⇥

� T a
N + T b

N + T 1
N + · · · + T N

N

da,b(pk), dj(pk): Distance of particle k

to beam and jet directions

Divides phase space into
N jet regions and 2 beam regions

Can measure separate contribution
from each region W/Z

qbqa

q1

q2

T 1
N

T 2
N

T a
N

T b
N

For small T i
N final state contains exactly N jets

⇥ Enforcing small beam-thrust components T a
N + T b

N eliminates
contamination from ISR

Frank Tackmann (MIT) Higgs Without (and With) Jets in SCET 2011-04-26 20 / 23
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FIG. 1: Different situations for the application of N-jettiness.

As we discuss below, this definition of τN yields a fac-
torization formula with inclusive jet and beam functions
and allows the summation of logarithms to next-to-next-
to-leading logarithmic (NNLL) order. The sum over k
in Eq. (1) runs over the momenta pk of all measured
(pseudo-)particles in the final state excluding the signal
leptons or photons in L. (Any other leptons or photons,
e.g. from hadronic decays, are included in the sum.) For
simplicity we take all pk to be massless. The qa, qb, and
q1, ..., qN are a fixed set of massless reference momenta
for the two beams and the N signal jets,

qµa,b =
1

2
xa,bEcm nµ

a,b , nµ
a = (1, ẑ) , nµ

b = (1,−ẑ) ,

qµJ = EJ (1, n̂J) , J = {1, . . . , N} . (2)

The EJ and n̂J correspond to the energies and directions
of the N signal jets (for both massive and massless jets).
Their choice is discussed below. The beam reference mo-
menta qa and qb are the large momentum components of
the colliding partons along the beam axis (taken to be
the z axis). They are defined by

xaEcm = nb · (q1 + · · ·+ qN + q) , (3)

and analogously for xb with a ↔ b. Here, q is the to-
tal momentum of the non-hadronic signal L. In Eq. (1),
Q2 = xaxbE2

cm is the hard interaction scale, and the dis-
tance of a particle with momentum pk from the jets or
beams is measured by qm · pk. If L contains missing en-
ergy, so q and xa,b are not known, one can use a modified
distance measure as we discuss below Eq. (11).
The minimum for each k in Eq. (1) associates the par-

ticle with the closest beam or jet, appropriately dividing
the hadronic initial-state radiation (ISR) and final-state
radiation (FSR). Soft particles and energetic particles
near any jet or beam only give small contributions to the
sum. For 2 → N scattering of massless partons, τN = 0.
Energetic particles far away from all jets and beams give
large contributions. Hence, for τN $ 1 the final state has
N jets, two forward beam jets, and only soft radiation
between them. In this limit xa,b are the momentum frac-
tions of the annihilated partons, and Y = ln(xa/xb)/2 is
the boost of the partonic center-of-mass frame.

N = 2 for e+e− → jets. In e+e− collisions there is no
hadronic ISR, so we drop the qa,b · pk entries in Eq. (1).
NowQ2 is the total invariant mass of the leptons and Y =
0. In the two-jet limit, the jet directions are close to the
thrust axis t̂, defined by the thrust T = maxt̂

∑
i |t̂·"pi|/Q.

Hence we can choose

qµ1 =
1

2
Q (1, t̂ ) , qµ2 =

1

2
Q (1,−t̂ ) (4)

as reference momenta, and Eq. (1) becomes

τee2 =
1

Q

∑

k

Ek min
{
1− cos θk, 1 + cos θk

}
, (5)

where θk is the angle between "pk and t̂. The minimum
divides all particles into the two hemispheres perpendic-
ular to t̂ as shown in Fig. 1(a). For τee2 $ 1, the total
invariant mass in each hemisphere is much smaller than
Q, so the final state contains two narrow jets. In this
limit, τee2 = 1−T , and a factorization theorem exists for
dσ/dτee2 , which can be used to sum logarithms of τee2 [4].
For a given jet algorithm with resolution parameter y,
the value y23 marks the transition between 2 and 3 jets.
Thus requiring y23 $ 1 also vetoes events with > 2 jets.
N = 0 for Drell-Yan. Next, consider the isolated

Drell-Yan process, pp → X%+%− with no hard central
jets, shown in Fig. 1(b). We now have ISR from the in-
coming partons, but no FSR from jets. From Eq. (3) we
have

xaEcm = e+Y
√
q2 + "q 2

T , xbEcm = e−Y
√
q2 + "q 2

T , (6)

where q2 and "qT are the dilepton invariant mass and
transverse momentum, and Y equals the dilepton rapid-
ity. Now, Q2 = q2 + "q 2

T and Eq. (1) becomes

τ0 =
1

Q

∑

k

|"pkT |min
{
eY−ηk , e−Y+ηk

}
. (7)

where |"pkT | and ηk are the transverse momentum and
rapidity of pk. The qa and qb dependence in Eq. (1) ex-
plicitly accounts for the boost of the partonic center-of-
mass frame. For Y = 0, the minimum in Eq. (7) divides

Stewart, Tackmann, Waalewijn, 1004.2489 
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N-subjettiness

• Using the N-jettiness idea, but applies to number of 
subjects in a jet. 

• Good substructure variable, one of the best top tagger

Jet Substructure at the Tevatron and LHC 34

(a) all pT , optimised (b) pT 500–600 GeV, optimised

(c) all pT (d) pT 500–600 GeV

Figure 14. Mis-tag vs. e�ciency for several top tagging methods, as tested
on herwig 6.5 tt̄ and dijet samples. For Figures (a) and (b), the input
parameters are optimised for each e�ciency point. The input parameters for
the unoptimised scans are taken from the 35% e�ciency point in Figure (b).

similar in performance. When we do not scan input parameters, N-subjettiness narrowly

outperforms the hybrid taggers.

The plots thus far represent events with no detector simulation. How do the results

change if we add detector resolution e↵ects? In Figure 17, we repeat the analyses, but

acting on events run through a simple calorimeter simulation provided by Peter Loch,

presented at the boost workshop. This simulation smears energy according to a radial

profile based on performance of the ATLAS detector, then groups energy deposits into

calorimeter cells. Each calorimeter cell is then treated as a massless particle with the

direction and total energy of that cell. The resulting events provide a crude proxy for the

real calorimeter output and give us a way to estimate detector e↵ects on substructure

Boost 2011 proceeding
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Superstructure

• Using more global information. 

• Applications to other channels as well. 
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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.

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

Gallicchio, Schwartz, 1001.5027

Relative enhanced radiation consentration

e.g., ttbar at Dzero, Haas Boston Jet Workshop
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Unbury the Higgs.
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
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Soft gluon jets, 
considered impossible.
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Unbury the Higgs.
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
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Two “equal ”clusters 

h

Less radiation 
outside this cone

Boosting the Higgs.
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Encouraging results.
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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 ⌅ l⇧ 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 su⇤cient for a Higgs discovery.

TABLE I: Cut e⇥ciencies 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
di�erent values of pmin

T for �.

⌅sig (fb) ⌅bg (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

� > 0.7 4.1 140 0.030 3.5

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

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

However, after cutting on the jet substructure variables
� > 0.7 and ⇥ < 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 ⌃tth ⇤ 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],
⌃ttj = 908 pb. The NLO cross-section for tt̄Z is much
smaller, ⌃ttZ = 1.1 pb [19].

Since the buried Higgs does not produce b-quarks in its
decay, the combinatoric problems that contribute to the
di⇤culty 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, |⇤l,b| < 2.5. We assume
a flat b-tagging e⇤ciency 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

Chen, Nojiri, Sreethawong, 1006.1151
Falkowski, Krohn,  Shelton,  Thalapillil, and LTW, 1006.1650

ttbar+h
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Substructure can also be useful for

• From top/W/Z/Higgs from NP decay, early LHC prospects.

- Resonance ttbar.

- SUSY. 

- Top partner to Higgs. 

- Z’ to WW, Zh...

• Boosted NP particles. 

- Neutralino + RPV

- Boosted gluino from squark. 
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Cui, Han, Schwartz,  1012.2077
Katz, Son, Tweedie, 1010.5253

Butterworth, Ellis, Raklev, Salam, 0906.0728  

Fan, Krohn,  Mosteiro, Thalapillil, 1102.0302

Tuesday, September 11, 12


