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Clustering into large energetic jets eliminates sensitivity to small scales

• Small higher-order perturbative corrections

• Low sensitivity to hadronisation



But we also loose a lot of information. 

• QCD jet? Or from decay of energetic 
Higgs boson, top quark or W-boson (a 
boosted fat jet)?

For new physics searches, it is often important 
to know what’s inside.

Furthermore, large jets suffer from 
contamination from

• pile-up (other collisions in the event)

• underlying event (soft radiation, ...)



Boosted fat higgs jet

QCD jet

Difference?

H
pT

pT

Example: pp → Z+H  at high pT



Boosted fat higgs jet

QCD jet

Difference?

H
pT

b

b̄

symmetric splitting

asymmetric splitting

pb
T ⇠ pb̄

T

pq
T � pg

T

pT

Example: pp → Z+H  at high pT



Pile-up:  ~ 20 collisions per bunch crossing.  The 
additional collisions typically have low pT but 
contaminate jets associated with high-pT collision.



kT-style jet algorithms
Recombination according to distance measure

• p = 1 :  kT - algorithm

• p = 0 :  C/A algorithm

• p =−1:  anti-kT 

A full set of IRC-safe jet algorithms

Generalise inclusive-type sequential recombination with

dij = min(k2pti , k
2p
tj )!R2

ij/R
2 diB = k2pti

Alg. name Comment time
p = 1 kt Hierarchical in rel. kt

CDOSTW ’91-93; ES ’93 N lnN exp.

p = 0 Cambridge/Aachen Hierarchical in angle
Dok, Leder, Moretti, Webber ’97 Scan multiple R at once N lnN
Wengler, Wobisch ’98 ! QCD angular ordering

p = "1 anti-kt Cacciari, GPS, Soyez ’08 Hierarchy meaningless, jets
# reverse-kt Delsart like CMS cone (IC-PR) N3/2

SC-SM SISCone Replaces JetClu, ATLAS
GPS Soyez ’07 + Tevatron run II ’00 MidPoint (xC-SM) cones N2 lnN exp.

Compromise between having a limited set of algs.
and a good range of complementary properties

Jets lecture 2 (Gavin Salam) MC tools for LHC school September 2011 2 / 30
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Top-tagging: A Method for Identifying Boosted Hadronic Tops

David E. Kaplan, Keith Rehermann, Matthew D. Schwartz and Brock Tweedie
Department of Physics and Astronomy Johns Hopkins University Baltimore, MD 21218, U.S.A.

A method is introduced for distinguishing top jets (boosted, hadronically decaying top quarks)
from light quark and gluon jets using jet substructure. The procedure involves parsing the jet cluster
to resolve its subjets, and then imposing kinematic constraints. With this method, light quark or
gluon jets with pT ! 1 TeV can be rejected with an e!ciency of around 99% while retaining up to
40% of top jets. This reduces the dijet background to heavy tt̄ resonances by a factor of "10, 000,
thereby allowing resonance searches in tt̄ to be extended into the all-hadronic channel. In addition,
top-tagging can be used in tt̄ events when one of the tops decays semi-leptonically, in events with
missing energy, and in studies of b-tagging e!ciency at high pT .

The Large Hadron Collider (LHC) is a top factory. The
millions of top quarks it produces will provide profound
insights into the standard model and its possible exten-
sions. Most of the tops will be produced near threshold,
and can be identified using the same kinds of techniques
applied at the Tevatron – looking for the presence of a
bottom quark through b-tagging, identifying the W bo-
son, or finding three jets whose invariant mass is near
mt. However, some of the top quarks produced at the
LHC will be highly boosted. In particular, almost ev-
ery new physics scenario that addresses the hierarchy
problem will include new heavy particles which decay
to tops (such as KK gluons in Randall-Sundrum mod-
els, squarks in supersymmetry, top primes in little Higgs
models, etc.). If their masses are even a factor of a few
above the top mass, the tops that they produce will de-
cay to collimated collections of particles that look like
single jets. In this case, the standard top identification
techniques may falter: b-tagging is di!cult because the
tracks are crowded and unresolvable, the W decay prod-
ucts are not always isolated from each other or from the
b jet, and the top jet mass may di"er from mt due to an
increased amount of QCD radiation.

In most studies of tt̄ resonances, emphasis is placed
on the channel in which one top decays semi-leptonically
(to an electron or muon, a neutrino, and a b jet) and
the other hadronically [1, 2]. This avoids having to con-
front the large dijet background to all-hadronic tt̄ . How-
ever, these studies need to assume that the lepton can be
isolated, which often excludes the electron channel, and
that at least one b jet is tagged, which is di!cult at high
pT [3]. The hard muon tag alone already discards 90%
of the tt̄ events. So one would like to be able to use
the all-hadronic channel without b-tags. In this paper,
we introduce a practical and e!cient method for tagging
boosted hadronically-decaying tops.

A top quark’s dominant decay mode is to a b quark
and a W boson with the W subsequently decaying to
two light quarks. The three quarks normally appear as
jets in the calorimeter, but for highly boosted tops these
jets may lie close together and may not always be inde-
pendently resolved. For example, a zoomed-in lego plot
of a typical top jet is shown in Figure 1. It displays
energy deposited in an ideal calorimeter versus pseudo-
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FIG. 1: A typical top jet with a pT of 800 GeV at the LHC.
The three subjets after top-tagging are shaded separately.

rapidity, !, and azimuthal angle, ". The three quark
jets show up clearly by eye, but it is easy to see how
the number of jets identified by conventional clustering
would be highly variable and strongly dependent on the
jet-resolution parameter. This is the inherent di!culty
with extrapolating the techniques that work for slower
tops, where the decay products are widely separated, to
the boosted case.

The natural direction for finding boosted tops is to
look into subjet analysis and other measures of the en-
ergy distribution in the events. A recent ATLAS note [4]
explored the possibility by cutting on the jet mass and
the ycut variables associated with the kT algorithm. They
achieved an e!ciency of 45% for top-tagging at pT = 1
TeV with 1 in 20 background jets getting through. Such
e!ciencies are not strong enough to filter tt̄ events from
the enormous dijet background [21].

The key to e!cient top-tagging is in isolating features
of QCD which control the background from features par-
ticular to the top quark. As can be seen in Figure 1,
boosted top events look like single jets with three re-
solvable subjets in a small region of the calorimeter.
These subjets are separated by angular scales of order
! 2mt/pT , and so remain distinguishable from one an-
other up to pT ’s of roughly 2 TeV for a calorimeter cell

Jet Properties

• Invariant mass 

• Jet shapes

• Subjets

• Flavor (b-jet, c-jet)

• Charge

• ...

mJ =
⇣ X

i

pi

⌘2
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b Rbb Rfilt
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FIG. 1: The three stages of our jet analysis: starting from a hard massive jet on angular scale R, one identifies the Higgs
neighbourhood within it by undoing the clustering (e!ectively shrinking the jet radius) until the jet splits into two subjets
each with a significantly lower mass; within this region one then further reduces the radius to Rfilt and takes the three hardest
subjets, so as to filter away UE contamination while retaining hard perturbative radiation from the Higgs decay products.

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

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

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

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

tj1
,p2

tj2
)

m2

j

!R2
j1,j2

> ycut, then deem j to be the

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

1

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

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

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

"
3

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

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

Jet definition !S/fb !B/fb S/
!

B · fb

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

K!, R = 1.0, ycut 0.19 0.74 0.22

SISCone, R = 0.8 0.49 1.33 0.42

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

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

"
B for a Higgs boson compared to mistagged

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

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

bb̄
[15]. A second novel element

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

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

• sensitive to collinear radiation 
kT ~ mJet

• and soft radiation Es ~mJ2/EJ

For mJ = 100 GeV and EJ = 1 TeV: emission of a soft 
gluon of Es =1GeV changes the mJ by 20 GeV!

• Multi-scale problem: corrections enhanced

Need to sum soft and collinear emissions to all orders

• Parton shower (only leading logs), or SCET, ...

↵n
s ln2n

✓
Es

EJ

◆



Highway to the danger zone
Revvin' up your engine

Listen to her howlin' roar
Metal under tension

Beggin' you to touch and go

Highway to the Danger Zone
Ride into the Danger Zone

Headin' into twilight
Spreadin' out her wings tonight

She got you jumpin' off the track
And shovin' into overdrive

Highway to the Danger Zone
I'll take you

Right into the Danger Zone



Shower Monte-Carlo programs

Generate soft and collinear emissions iteratively.

• only leading-log accuracy, but in practice 
very successful at modeling events

• include hadronisation models

Many substructure studies heavily rely on shower 
MCs.

• First SCET results during the past year



Jet grooming

Goal: remove soft radiation from pile-up and 
underlying event to make underlying physics 
visible

Methods

• mass drop and filtering Butterworth, Davidson, 
Rubin, Salam 0802.2470

• pruning Ellis, Vermilion, Walsh 0912.0033

• trimming Krohn, Thaler, Wang 0912.1342



Tuesday July 24, 2012 E. Thompson - Jet Grooming at ATLAS 6

Jet grooming
“Trimming” http://arxiv.org/abs/0912.1342                                                                 
(D. Krohn, J. Thaler, L. Wang)

● uses kt algorithm to create subjets of size Rsub from the constituents of the large-R jet: 

any subjets failing pTi / pT < fcut are removed

“Pruning” http://arxiv.org/abs/0912.0033 (S. Ellis, C. Vermilion, J. Walsh)

● Recombine jet constituents with C/A or kt while vetoing wide angle (Rcut) and softer (zcut) 

constituents. Does not recreate subjets but prunes at each point in jet reconstruction

 Tuned parameters: 
 fcut and Rsub 

 Tuned parameters: 
 Rcut and zcut



Tuesday July 24, 2012 E. Thompson - Jet Grooming at ATLAS 5

Jet grooming
“Mass drop/filtering” http://arxiv.org/abs/0802.2470                                                 
(J. Butterworth, A. Davidson, M. Rubin, G. Salam)

● Identify relatively symmetric subjets, each with significantly smaller mass than their sum

● Was optimized for H→bb search using C/A jets...not applied to anti-kt jets!

 Tuned parameter: μfrac  

 (ycut set to 0.09)

Mass drop: create 2 subjets

Filtering: constituents of j1, j2 are reclustered using C/A

from Emily Thomson,  ATL-PHYS-SLIDE-2012-691 



Effect of grooming

Grooming reduces invariant mass, enhances top 
mass peak in top jets

• Can use jet mass to distinguish top-quark 
light QCD jets.

M. Karagoz, G. P. Salam, M. Spannowsky, M. Vos (editors): Boosted objects: a probe of BSM physics 11
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(b) tt̄, 500–600 GeV
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(c) dijets, 300–400 GeV
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(d) tt̄, 300–400 GeV

Fig. 1. Jet invariant mass mj for tt̄ (a,c) and dijet (b,d) events, for three grooming methods. Each groomed analysis begins with
anti-kT jets with R = 1.0. The solid curve (red in the online version) represents these jets without grooming. The distributions
correspond to tt̄ or di-jet quarks or dijet samples with parton-level pT of 500–600 GeV (a,b) and 300–400 GeV (c,d).

tunes described in section 5. In particular, we establish
the sensitivity of jet mass and related observables to the
parton shower model and to the UE. We also perform a
simulation that mimics a number of important detector
e!ects. Data collected at the LHC in 2010-2011 should
enable a more thorough understanding than we can hope
to achieve at this stage.

We reconstruct the jet invariant mass distribution for
anti-kT jets with R = 1. The grooming techniques de-
scribed in section 6 select relatively hard events and are
therefore expected to reduce the sensitivity to soft and
di!use energy deposits. We apply the three grooming pro-
cedures and determine the invariant mass of the result-
ing groomed jet. We present the result of trimming, but
the conclusions hold for all three techniques. We moreover
recluster the jet constituents with the kT algorithm and
unwind the sequence to retrieve the i ! j splitting scales
dij . We note that the splitting scales are determined on
the ungroomed cluster sequence.

To establish the impact of di!erent parton shower mod-
els we compare the response to two of the most popu-
lar Monte Carlo tools for jet formation, HERWIG and
PYTHIA. We moreover vary the order of the emissions in
PYTHIA, using two schemes known as pT -ordering (used
in the Perugia0 tune) and Q2 ordering (used in DW and
DWT). In Fig. 2, we compare the jet mass distribution for
these three setups, along with the kT scales correspond-
ing to the 1 ! 2 and 2 ! 3 splits. For the sake of a clean
comparison we disabled UE activity for these samples.

We find the pT ordered shower in PYTHIA yields a
significantly softer spectrum than the Q2 ordered shower
model. This is true for the jet invariant mass and the
scales of the hardest splittings in the shower. The results
obtained for the HERWIG shower are in good agreement
with the Q2 ordered shower for both the jet mass and the
1 ! 2 splitting scale.

We expect larger di!erences between Monte Carlos in
the region of larger masses and splitting scale, as these
probe less collinear regions of the jet structure, where



Jet shapes: e.g. N-jettiness

• Choose N different massless reference momenta q1...qN. 
Compute

• τN  vanishes, if all particles move along the N axes.

• SCET can systematically resum higher log’s in τN
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FIG. 1: Di!erent situations for the application of N-jettiness.

As we discuss below, this definition of !N 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, !N = 0.
Energetic particles far away from all jets and beams give
large contributions. Hence, for !N $ 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

!ee2 =
1

Q

"

k

Ek min
#
1! cos #k, 1 + cos #k

$
, (5)

where #k 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 !ee2 $ 1, the total
invariant mass in each hemisphere is much smaller than
Q, so the final state contains two narrow jets. In this
limit, !ee2 = 1!T , and a factorization theorem exists for
d$/d!ee2 , which can be used to sum logarithms of !ee2 [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

!0 =
1

Q

"

k

|"pkT |min
#
eY!!k , e!Y+!k

$
. (7)

where |"pkT | and &k 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
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N -Jettiness: An Inclusive Event Shape to Veto Jets

Iain W. Stewart, Frank J. Tackmann, and Wouter J. Waalewijn
Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, MA 02139

Jet vetoes are essential in many Higgs and new-physics analyses at the LHC and Tevatron. The
signals are typically characterized by a specific number of hard jets, leptons, or photons, while the
backgrounds often have additional jets. In such cases vetoing undesired additional jets is an e!ective
way to discriminate signals and background. Given an inclusive event sample with N or more jets,
the veto to have only N energetic jets defines an “exclusive” N-jet cross section. This strongly
restricts the phase space of the underlying inclusive N-jet cross section and causes large double
logarithms in perturbation theory that must be summed to obtain theory predictions. Jet vetoes
are typically implemented using jet algorithms. This yields complicated phase-space restrictions and
one often relies on parton-shower Monte Carlos, which are limited to leading-logarithmic accuracy.
We introduce a global event shape “N-jettiness”, !N , which is defined for events with N signal jets
and vanishes in the limit of exactly N infinitely narrow jets. Requiring !N ! 1 constrains radiation
between the N signal jets and vetoes additional undesired jets. This provides an inclusive method
to veto jets and to define an exclusive N-jet cross section that can be well-controlled theoretically.
N-jettiness yields a factorization formula with inclusive jet and beam functions.

Introduction. At the LHC or Tevatron, hard interac-
tions involving Higgs or new-physics particles are identi-
fied by looking for signals with a characteristic number of
energetic jets, leptons, or photons [1]. The backgrounds
come from Standard Model processes producing the same
signature of hard objects possibly with additional jets.
An example are top quarks decaying into W plus b-jet,
which is a major background for H ! WW [2]. When
reconstructing masses and decay chains of new-physics
particles additional jets can cause large combinatorial
backgrounds. Standard Model processes can also fake
a signal when a jet is misidentified as lepton or photon,
a typical example being H ! !!.

Thus, a veto on additional undesired jets is an e!ective
and sometimes necessary method to clean up the events
and discriminate signal and the various backgrounds.
More generally, one would like to measure an “exclusive”
N -jet cross section, pp ! XL(Nj), to produce N signal
jets j where the remaining X contains no hard (central)
jets. Here, N " 0 and L denotes the hard leptons or
photons required as part of the signal.

We introduce an inclusive event shape “N -jettiness”,
denoted "N and defined below in Eq. (1). For an event
with at least N energetic jets, "N provides an inclusive
measure of how N -jet-like the event looks. In the limit
"N ! 0 the event contains exactly N infinitely narrow
jets. For "N # 1 the event has hard radiation between
the N signal jets. Requiring "N $ 1 constrains the ra-
diation outside the signal and beam jets, providing an
inclusive way to veto additional central jets. It yields
an inclusive definition of an exclusive N -jet cross section
with a smooth transition between the case of no jet veto,
"N # 1, and the extremely exclusive case "N ! 0.

Vetoing additional jets imposes a phase-space restric-
tion on the underlying inclusive N -jet cross section to
produce N or more jets with the same L. Irrespective of
its precise definition, the jet veto introduces a jet resolu-

tion scale µJ that characterizes this restriction, i.e. the
distinction between N and N+1 jets. Hence, the exclu-
sive N -jet cross section contains phase-space logarithms
#n
s ln

m(µ2
J/µ

2
H), where m % 2n and µH is the scale of the

hard interaction. For "N , µ2
J/µ

2
H & "N $ 1. Generically

there is always a hierarchy µJ $ µH , which becomes
larger the stronger the restrictions are. These large log-
arithms must be summed to obtain reliable predictions.
Jet vetoes are typically implemented by using a jet al-

gorithm to find all jets in the event and veto events with
too many energetic jets. Jet algorithms are good tools
to identify the signal jets. However, they are not nec-
essarily well-suited to veto unwanted jets, because the
corresponding phase-space restrictions are complicated
and depend in detail on the algorithm. This makes it
di"cult to incorporate the jet veto into explicit theoret-
ical calculations and inhibits a systematic summation of
the resulting large logarithms. In this case, usually the
only way to predict the corresponding exclusive N -jet
cross section is to rely on parton shower Monte Carlos
to sum the leading logarithms (LL). For particular jet
algorithms, the resolution y23 defines the transition from
2 to 3 jets. Next-to-leading logarithms for this and other
hadron-collider event shapes were summed in Ref. [3].
Vetoing jets by cutting on an inclusive variable like "N

has several advantages. First, we can go beyond LL or-
der, because the logarithms from the phase-space restric-
tion, #n

s lnm"N , are simple enough to allow their system-
atic summation to higher orders. Moreover, the theory
predictions with factorization can be directly compared
with experiment without having to utilize Monte Carlos
for parton showering or hadronization. Experimentally,
"N reduces the dependence on jet algorithms and might
help improve the background rejection.
Definition. N -jettiness is defined as

"N =
2

Q2

!

k

min
"
qa ·pk, qb ·pk, q1 ·pk, . . . , qN ·pk

#
. (1)

incoming hadron momenta



N-subjettiness

• Consider only particles 
inside single jet.

• τ21 = τ2/τ1 can be used to 
distinguish boosted W-jets 
from QCD jets. 

• τ32 for boosted top jets 
(with generalized τN def.) 

• ATLAS ’12 has measured τ21 

and τ32 

Thaler and Tilburg ’11 ’12

Already measured by ATLAS 
Jet Substructure and N-subjettiness
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With more data,  
     could be a precision observable. 
 
Can we calculate n-subjettiness 
     more accurately then Pythia and Herwig 
     using QCD? 



Further reading
• Towards Jetography, G. Salam, 0906.1833

• Reports 1012.5412, 1201.0008 (and 
slides) from BOOST workshops

• Jet-Grooming in ATLAS, E. Thompson, 
ATL-PHYS-SLIDE-2012-691

Lots of activity in this area during the past few 
years, but “fair to say that the question of how 
best to use jets is still in its infancy” (G. Salam)

http://arxiv.org/pdf/0906.1833.pdf
http://arxiv.org/pdf/0906.1833.pdf
http://arxiv.org/pdf/1012.5412.pdf
http://arxiv.org/pdf/1012.5412.pdf
http://arxiv.org/pdf/1201.0008.pdf
http://arxiv.org/pdf/1201.0008.pdf
http://cdsweb.cern.ch/record/1491166/files/ATL-PHYS-SLIDE-2012-691.pdf
http://cdsweb.cern.ch/record/1491166/files/ATL-PHYS-SLIDE-2012-691.pdf

