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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 (effectively shrinking the jet radius) until the jet splits into two subjets
each with a significantly lower mass; within this region one then further reduces the radius to Rfilt and takes the three hardest
subjets, so as to filter away UE contamination while retaining hard perturbative radiation from the Higgs decay products.

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

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

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

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

tj1
,p2

tj2
)

m2

j

∆R2
j1,j2

> ycut, then deem j to be the

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

1

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

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

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

√
3

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

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

Jet definition σS/fb σB/fb S/
√

B · fb

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

K⊥, R = 1.0, ycut 0.19 0.74 0.22

SISCone, R = 0.8 0.49 1.33 0.42

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

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

√
B for a Higgs boson compared to mistagged

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

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

bb̄
[15]. A second novel element

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

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

A little bit of History
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“Jet substructure without trees” 
(Jankowiak, Larkoski; 1104.1646)

Shower deconstruction 
(Spannowsky, Soper 1102.3480)

HEP Top Tagger++ 
(Plehn, Spannowsky, Takeuchi, Zerwas; 

1006.2833...)

Multivariate quark/gluon discrimination 
(Gallicchio, Schwartz; 1106.3076)

ISR tagging 
(Krohn, Randall, Wang 1101.0810)

New physics multi-tagging 
(Kribs, Martin, Roy, Spannowsky; 0912.4731, 1006.1656)

N-Subjettiness 
(Thaler, Van Tilburg 1011.2268; Kim 1011.1493)

Dipolarity 
(Hook, Jankowiak, Wacker; 1102.1012)

Jet Trimming
 (Krohn, Thaler, Wang; 0912.1342)

CMS Top Tagging
 (0909.4894)

More jet shapes 
(Chekanov, Proudfoot, Levy, Yoshida; 1002.3982, 1009.2749)

Template overlap 
(Almeida et al.; 1006.2035)

Jet Pull 
(Gallicchio, Schwartz; 1001.5027)

HEP Top Tagger
 (Plehn, Salam, Spannowsky; 0910.5472)

Pruning 
(Ellis, Vermilion, Walsh; 0903.5081)

[Johns Hopkins] Top Tagging
 (Kaplan, Rehermann, Schwartz, Tweedie; 0806.0848)

New jet shapes 
(Almeida, et al.; 0807.0234, 0810.0934)

3-body kinematic variables 
(Thaler, Wang; 0806.0023)
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Too much creativity to be reviewed in a 20 
minutes talk

I will concentrate on a few of my favorite 
topics

Borrowed results from many sources 
– thanks!
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Filtering                         Butterworth, Davison, Rubin, Salam (0802.2470) 
Pruning                                  Ellis, Vermilion, Walsh (0903.5081) 
Trimming                               Krohn, Thaler, Wang (0912.1342)

Mass-drop/Filtering       Butterworth, Davison, Rubin, Salam (0802.2470)
and variations                Plehn, Salam, Spannowsky (0910.5472)
                                       Kribs, Martin, TSR, Spannowsky; (0912.4731, 1006.1656)

Y-splitter                          Butterworth, Cox, Forshaw (hep-ph/021098)
Johns Hopkins tagger    Kaplan, Rehermann, Schwartz, Tweedie (0806.0848)
HEP tagger                     Plehn, Spannowsky, Takeuchi, Zerwas (1006.2833)
tree-less approach         Jankowiak, Larkoski (1104.1646)

Template method            Almeida et al. (1006.2035)
N-subjettiness                 Thaler, Van Tilburg (1011.2268); Kim (1011.1493)
Multi-variate approach    Gallicchio, Schwartz (1106.3076)
Shower deconstruction   Spannowsky, Soper 1102.3480)
Qjets                                Ellis, Hornig, Krohn, TSR, Schwartz (1201.1914)

Jet Grooming

2-pronged 
resonances

3-pronged 
resonances

General 
procedures

A bit of Organization
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Jet Grooming
Start with a large jet (capturing all decay products)

Jesse Thaler — Progress in N-subjettiness 28

Why Substructure?
Why not use smaller jets and use proximity for combinatorics?

Small subjets: Loss of resolution from out-of-jet effects 
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�vs.
loss of mass resolution from 

out-of-cone effects

A grooming procedure removes radiation which is more likely to be 
contamination from the Underlying events and Pile-up 

Improved mass resolution expected. 
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BDRS Higgs tagger 
Jets, G. Salam, LPTHE (p. 19)

Boosted object finding #2: The jet analysis

bb

g

j
1j

2

Start with high-pt jet

1. Undo last stage of clustering (≡ reduce R): J → J1, J2

2. If max(m1,m2) ! 0.67m, call this a mass drop [else goto 1]
Automatically detects correct R ∼ Rbb to catch angular-ordered radn.

3. Require y12 =
min(p2

t1,p
2
t2)

m2
12

∆R2
12 $ min(z1,z2)

max(z1,z2)
> 0.09 [else goto 1]

dimensionless rejection of asymmetric QCD branching

4. Require each subjet to have b-tag [else reject event]
Correlate flavour & momentum structure

G. Salam, Focus week at IPMU, 2009 

C/A, R=1.2

Friday, April 29, 2011

Mass drop/Filtering Butterworth, Davison, Rubin, Salam
0802.2470

Filtering
Jets, G. Salam, LPTHE (p. 20)

Boosted object finding #3: jet filtering

Rfilt

filter

Rbb

Rbb

mass drop

b

g

b

R

UE

At moderate pt , Rbb is quite large; UE & pileup degrade mass resolution
δM ∼ R4ΛUE

pt

M [Dasgupta, Magnea & GPS ’07]

Filter the jet

! Reconsider region of interest at smaller Rfilt = min(0.3,Rbb̄/2)

! Take 3 hardest subjets b, b̄ and leading order gluon radiation

Friday, April 29, 2011

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

Monday, November 12, 12



Pruning
At every step of clustering check whether 
the branch to be added is soft and wide 
angled.

- if yes discard the softer four-vector. 

2

stability. Furthermore, in our procedure the dependence
on precisely which weights are assigned to the trees is re-
duced, such that we find we can use process independent
weights, allowing for model independent searches.

In the following we provide the details of an algorithm
which can be used to associate many trees to a single
jet. As an example, we apply it to a substructure anal-
ysis using the jet-pruning procedure. [? ? ] The idea
we have described – associating a weighted set of trees
to a jet – would not be feasible if one had to consider
every tree which could be formed from a given set of
four-momenta in a jet. Fortunately, the weighted distri-
butions for an observable which one would obtain from
considering every tree can be obtained, to a good approx-
imation, through a procedure analogous to Monte-Carlo
integration. Indeed, precisely because an infrared and
collinear safe jet observable must be insensitive to small
reshu⌥ings of the tree momenta, we find it is su⌃cient to
consider only a small fraction of the trees one could as-
sociate to a jet, since each of these could then be related
through a small reshu⌥ing to similar trees. Furthermore,
when the weight ⇥ assigned to a tree can be written as
a product of weights ⇥ij assigned to each 1 ⌅ 2 split-
ting, ⇥ =

⌃
splittings ⇥ij , one can perform this procedure

while sampling trees according to their weight, further
increasing the speed of the process.

The algorithm we propose, which assembles a each tree
via a series of 2 ⌅ 1 mergings, functions as follows:

1. At every stage of clustering, a set of weights ⇥ij for
all pairs ⌃ij⌥ of the four-vectors is computed, and
a probability ⇥ij = ⇥ij/N , where N =

⇧
�ij⇥ ⇥ij is

assigned to each pair.

2. A random number is generated and used to choose
a pair ⌃ij⌥ with probability ⇥ij . The chosen pair
is merged, and the procedure is repeated until all
particles all clustered.

This algorithm directly produces trees distributed ac-
cording to their weight ⇥. To produce a distribution of
the observable for each jet, this algorithm is simply re-
peated NTree number of times. Note that, as the tree is
assembled piecewise, any algorithm which modifies a tree
during its construction (e.g., jet pruning) can be trivially
adapted to work with this procedure.

One particularly interesting class of weights ⇥(�)
ij ,

parametrized by a continuous real number � we term
rigidity is given by

⇥(�)
ij ⇥ exp

⇤
��

(dij � dmin)

dmin

⌅
. (1)

Here, dij is the jet distance measure for the ⌃ij⌥ pair, dmin

is the minimum over all pairs at this stage in the cluster-
ing and we have chosen the normalization to be unity for
the minimum pair. Note that this reduces to a traditional

FIG. 1. Distribution of a boosted W -jet mass for a single
jet. The single peaks are the result of classical pruned C/A
or kT algorithms. The distributions result from NTree = 100
clusterings with rigidity � = 1.0 (left) or � = 0.1 (right).

clustering algorithm of the type defined by the distance
dij when � ⌅ ⇧. In this sense, it is helpful to think
of the traditional, single tree algorithm as the “classical”
approach, and � ⇤ 1/~ controlling the deviation from
the “classical” clustering behavior. With this analogy,
we label the current approach the Qjet(“quantum” jet)
algorithm and the corresponding pruning as Q-pruning.
Before proceeding, let us briefly note that there is some

arbitrariness in the exact form of dij and the value of the
rigidity parameters �. We find that for small enough
� (say, � . 0.1), the pruned jetmass distribution looks
quantitatively and qualitatively similar whether dij is
chosen to be the kT or C/A distance (see Fig. 1). This
implies that for a small enough rigidity parameter we
achieve some level of algorithm-independence.
We now demonstrate, as an illustrative example, how

the use of Qjets can have importantc e⇤ects in an analy-
sis employing jet pruning to study hadronically decaying
boosted W s. As described in Ref. [? ? ] pruning is
one of the jet grooming tools [? ? ? ] used to sharpen
signal and reduce background when considering the jets
of boosted heavy objects. It functions by modifying the
mergings in a given tree that involve both a large angu-
lar separation and asymmetric energy sharing. In detail,
if a clustering algorithm attempts to cluster two four-
momenta i and j which satisfy

zij ⇥
min

�
pTi , pTj

⇥

| ✓pTi + ✓pTj |
< zcut or

�Rij > Dcut ,

(2)

then the merging is vetoed and the softer of the two four-
momenta is discarded. By applying jet pruning to sets
of trees assembled for the same jet we will be able to
associate a distribution of masses to a single jet, and, as
we will see, improve our ability to distinguish signal and
background jets.
The exercise we perfrom is quite simple: having cre-

ated samples of simulated signal (W ) and background
jets, we classically prune every jet and record the classical
pruned mass, mcl. In the distribution of mcl, the W par-
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(c) mJ and mSubJ cuts, z
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(d) mJ and mSubJ cuts, �R12

FIG. 24: Distributions in z and �R

12

comparing for
top quark decays at the parton-level and from Monte
Carlo events after implementing pruning. This figure

uses the same samples and cuts as Fig. 23.

algorithm; when only a jet mass cut is made, the distri-
bution in z and �R

12

for pruned jets match the parton-
level distribution much better than unpruned jets. When
both mass and subjet mass cuts are made, pruning shows
a slightly poorer agreement to the parton-level kinemat-
ics than the unpruned case. This arises from the fact
that the value of z

cut

is fixed, while the distribution in z

is dependent on the kinematics of the decay.
In addition to improving the kinematics of the jet sub-

structure, pruning reduces the contribution of the under-
lying event and improves the mass resolution of recon-
structed decays. In Figs. 25 and 26 we give the mass
distribution of jets with and without the UE in both the
QCD and tt̄ samples for the CA and k

T

algorithms, but
now with and without pruning. In Figs. 27 and 28 we
show how the e↵ect of UE on distributions in z and �R

12

,
also with and without pruning.

Three distinctions between pruned and unpruned jets
are clear. First, the distributions with and without the
UE are very similar for pruned jets, while they notice-
ably di↵er for unpruned jets. This shows that pruning
has drastically reduced the contribution of the underly-
ing event. Second, the mass peak of jets near the top
quark mass in the tt̄ sample is significantly narrowed by
the introduction of pruning (especially when the UE is
included). This is evidence of the improved mass resolu-
tion of pruning, and will contribute to the improvement
in heavy particle identification with pruning. And finally,
the mass distribution of QCD jets is pushed significantly
downward by pruning. The QCD jet mass is dominantly
built from the soft, large-angle recombinations — most
recombinations are soft, and for fixed p

T

, larger-angle re-
combinations contribute more to the jet mass. Removing
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(a) unpruned QCD jets
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(b) pruned QCD jets
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(c) unpruned top jets
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(d) pruned top jets

FIG. 25: Distributions in m

J

with and without
underlying event, for QCD and top jets, using the CA
algorithm, with and without pruning. The jets have p

T

between 500 and 700 GeV, and D = 1.0.
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(a) unpruned QCD jets
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(b) pruned QCD jets
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(c) unpruned top jets
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(d) pruned top jets

FIG. 26: Distributions in m

J

with and without
underlying event, for QCD and top jets, using the k

T

algorithm, with and without pruning. The jets have p

T

between 500 and 700 GeV, and D = 1.0.

these by pruning the jets reduces the QCD mass distri-
bution in the large mass range and will contribute to the
reduction of the QCD background.

We move on to examine pruning through a set of stud-
ies using Monte Carlo simulated events. We will inves-
tigate the parameter dependence of pruning, motivating
the parameters used above. We will extensively study
both top and W reconstruction with pruning, and quan-
tify the improvements of pruning in terms of basic sta-
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Figure 2: (a) The mass of the highest-mass jet (W-jet), and (b) the mass of the Type-2 top can-
didate (W + b), in the hadronic hemisphere of moderately boosted semimuonic tt events. The
data are shown as points with error bars, the tt Monte Carlo events in dark red, the W+jets
Monte Carlo events in lighter green, and non-W multijet (non-W MJ) backgrounds are shown
in light yellow (see Ref. [46] for details of non-W MJ distribution derivation). The jet mass is
fitted to a sum of two Gaussians in both data (solid line) and MC (dashed line), the latter of
which lies directly behind the solid line for most of the region.

sumption that the efficiency scale factor for the Type-1 top tagging is the same as that for the
W-tagging.

3.3 Background estimate

Since this analysis focuses on signatures with high-pT jets, the main backgrounds expected are
from SM non-top multijet production and tt production. The background from NTMJ produc-
tion is estimated from sidebands in the data as described below. For the Z0 masses considered
in this analysis, the irreducible SM tt component is significantly smaller than the NTMJ back-
ground contribution, and is therefore estimated from MC simulation using the same correction
factors as found for the Z0 MC described in Sec. 3.2. It is normalized to the approximate next-to-
next-to-leading-order (NNLO) cross section for inclusive tt production, taken to be 163 pb [48–
50].
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3.3 Background estimate

Since this analysis focuses on signatures with high-pT jets, the main backgrounds expected are
from SM non-top multijet production and tt production. The background from NTMJ produc-
tion is estimated from sidebands in the data as described below. For the Z0 masses considered
in this analysis, the irreducible SM tt component is significantly smaller than the NTMJ back-
ground contribution, and is therefore estimated from MC simulation using the same correction
factors as found for the Z0 MC described in Sec. 3.2. It is normalized to the approximate next-to-
next-to-leading-order (NNLO) cross section for inclusive tt production, taken to be 163 pb [48–
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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.

Friday, April 29, 2011

Trimming

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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Boosted Higgs

Lian-Tao Wang
University of Chicago

Higgs @ Tevatron and LHC, Seattle, 04/29/2011
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Boosted Higgs
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University of Chicago

Higgs @ Tevatron and LHC, Seattle, 04/29/2011
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Trimming Krohn, Thaler, Wang
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Tuesday July 24, 2012 E. Thompson - Jet Grooming at ATLAS 28

SM ttbar events in data
Jet Mass (leading pT anti-kt R=1.0 jet, pT > 350 GeV)

Ungroomed Trimmed

Trimmed,
with b-tag

Ungroomed,
with b-tag

Jet Grooming in ATLAS

Emily Thompson – Columbia University
on behalf of the ATLAS Collaboration

Outline:

● Update since last year

● Jet grooming techniques studied and optimizing grooming parameters

● Performance of grooming on large-R light quark/gluon jets in data

● MC-based signal background discrimination before and after grooming

● Jet grooming in ttbar events

b

b

Boost Theory Summary

Gavin Salam

CERN, Princeton University & LPTHE/CNRS (Paris)

Boost 2012
Valencia, Spain, 23–27 July 2012

Monday, November 12, 12
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How much does UE/ISR affect fat-jet massM. Karagoz, G. P. Salam, M. Spannowsky, M. Vos (editors): Boosted objects: a probe of BSM physics 11
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(a) dijets, 500–600 GeV
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(b) tt̄, 500–600 GeV

jet mass [GeV]

0 50 100 150 200 250

fra
ct

io
n 

of
 je

ts

0
0.02
0.04
0.06
0.08

0.1
0.12
0.14
0.16
0.18

0.2
 jets, R=1Tanti-K

T
 p× = 0.03 cut = 0.35, f

sub
trimming R

 = 3sub = 0.35, N
filt

filtering, R

T
 = m/pcut = 0.1, D

cut
pruning, z

(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 red curve 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
effects. 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
diffuse 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 different 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.

M. Karagoz, G. P. Salam, M. Spannowsky, M. Vos (editors): Boosted objects: a probe of BSM physics 11
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(a) dijets, 500–600 GeV
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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 red curve 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
effects. 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
diffuse 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 different 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.

see Boost 2010 proceedings [Karagoz, Salam, MS, Vos EPJ C71 (2011)]

Filtering vs.Trimming vs. Pruning

Christopher Vermilion

Boost 2010
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The relevant kinematic pattern

large pT, 
non busy final state

e.g. Z’ ->  tt

small pT, 
non busy final state

e.g. pp -> h Z

large pT, 
busy final state

e.g. SUSY cascade

small pT, 
busy final state
e.g. pp -> tth

all taggers perform 
reasonably well

hardest scenario 
HEP tagger is useful

business

small pT
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HEP top tagger Plehn, Spannowsky, Takeuchi, Zerwas
1006.2833

23 Find subjets Keep 5 hardest subjets Recluster to 3 subjets 
Identify top via mass ratios 

fat jet, R=1.5 
Undo last clustering  
steps until mj<50 GeV 

Drop activity outside 
substructure 

HEPTopTagger Algorithm (II) 

Gregor Kasieczka  
(Universität Heidelberg, Germany) 

for the ATLAS Collaboration, 
Boost2012 Valencia, Spain 

22.07.-27.07.2012 

 resonance searches with ATLAS  

€ 

tt 

pT > 200GeV 

stay tuned for ATLAS results 
Monday, November 12, 12



N-subjettiness
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N-subjettiness

Jet shape “counts” number of subjets!

0τN: 1

≤ N > N# subjets:
0 0.5 1 1.5

4.5

5

5.5

6

Boosted Top Jet, R = 0.8

�

�

�N =
1
d0

X

k

pT,k min {�Rk,1, �Rk,2, . . . , �Rk,N}

Generalization of jet width 
to multiple (sub)jets!

Adapted from “N-jettiness”, used to define exclusive jet bins
[Stewart, Tackmann, Waalewijn: 1004.2489; see Iain Stewart’s Talk]

Axes from exclusive kT
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Tagging with τN/τN–1
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Thaler, Tilburg
1011.2268, 1108.2701 
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Progress in
N-subjettiness

Jesse Thaler

1011.2268 & 1108.2701 with Ken Van Tilburg
1204.3898 with Ilya Fiege, Matthew Schwartz, and Iain Stewart

Preliminary work with Chris Vermilion
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July 24, 2012 — Boost 2012, Valencia

Boost Theory Summary

Gavin Salam

CERN, Princeton University & LPTHE/CNRS (Paris)

Boost 2012
Valencia, Spain, 23–27 July 2012
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Two Prong Searches
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N-subjettiness Thaler, Tilburg
1011.2268, 1108.2701 
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Jet Substructure at the Tevatron and LHC 35

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

(c) all pT (d) pT 500–600 GeV

Figure 15. Mis-tag vs. e�ciency for several top tagging methods, as tested
on herwig++ 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).

and Thaler and Wang taggers still being outperformed. Considering the right-hand

plots in Figure 17, we can see that in some cases taggers appear to do better after

detector simulation, especially at low signal e⇥ciency. This e�ect is at least partly due

to statistical noise in the e⇥ciency scans, but warrants further study.

The results we have presented in this report, while certainly not providing the last

word in boosted object tagging, suggest some conclusions. By any metric, methods

that use only subjet kinematic information, like the ATLAS and Thaler and Wang

taggers, are outperformed by groomed, hybrid, and jet shape taggers. Di�erences

between the rest of the taggers are largely of similar magnitude to di�erences between

Monte Carlo samples and before and after detector simulation: more careful study

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).

http://atlas.physics.arizona.edu/~loch, and is also provided with SpartyJet as

the RadialSmearingTool tool. You can use it in a SpartyJet analysis via:

builder = SJ.JetBuilder()

builder.add_jetTool_input(SJ.RadialSmearingTool())

<add analyses and run...>

Comparing Figures 14–16 with 17 we can see that including realistic detector

resolution generally degrades the best achievable performance and changes how

algorithms compare to each other. Compared to other taggers, N-subjettiness does

worse. For each MC sample the spread between taggers is still small, with the ATLAS

10

Top Tagging c. 2012

Better

Better

500 GeV < pT < 600 GeV

Boost2011 Top Benchmark

Herwig++Herwig 6.5

Pythia 6.4 more optimistic, Sherpa more pessimistic.
Detector effects also important.

Ideally:  Calibrate in Data & Validate with Calculations

Jesse Thaler — Progress in N-subjettiness
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Multivariate approach
Types of Variables

The menu, including varying jet size

Distinguishable particles/tracks/subjets
multiplicity, 〈pT 〉, σpT

, 〈kT 〉,
charge-weighted pT sum

Moments
mass, girth, jet broadening
angularities
optimal kernel
2D: pull, planar flow

Subjet properties
Multiplicity for different algorithms and Rsub

First subjet’s pT , 2nd’s pT , etc.
Ratios of subjet pT ’s.
kT splitting scale

Jason Gallicchio (Harvard/Davis) Gluon Tagging and Quark & Gluon Samples28 November 2011 24 / 48

We looked at 10,000 variables 

Show http://jets.physics.harvard.edu/qvg 

Best Variables in Each Category for 200GeV Jets
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210
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best group of 5
charged mult & girth
charged mult * girth
charged mult R=0.5
subjet mult Rsub=0.1

mass/Pt R=0.3

girth R=0.5

|pull| R=0.3
planar flow R=0.3

optimal kernel
1st subjet R=0.5
avg kT of Rsub=0.1

decluster kT Rsub=0.1
jet shape Ψ(0.1)

Quark Jet Acceptance

Gluon RejectionGluon Rejection

G
lu
on

R
ej
ec
ti
on

Jason Gallicchio (Harvard/Davis) Gluon Tagging and Quark & Gluon Samples28 November 2011 25 / 48

1/30 = 3%  
gluon  

40% quarks  

Gallicchio, Schwartz
1104.1175, 1106.3076 

NEW IDEAS IN 
JET PHYSICS 
Matthew Schwartz 
Harvard University Santa Fe 2012

Quark versus Gluon jets 
Subtle subject 

•  Monte Carlo event generators 
   may not be trustworthy 

 
•  Some data from LEP, but ATLAS and CMS can measure much better 

Two parts 
1.  Assuming Pythia is correct, how can we distinguish Q from G? 

2.  How can we validate on data? 
•  Where do we find pure samples of quark and gluon jets? 

Gallichio and MDS Phys.Rev.Lett. 107 (2011) 172001 

Gallichio and MDS JHEP 1110 (2011) 103 

Work done with  
     Jason Gallicchio 
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Multivariate approach
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Photon vs. QCD-jets vs. Photon-jets

Photons vs. QCD-jets

Conventional

Conventional + substructure

6

of tracks per jet (⌫J) for QCD-jets (red), single photons
(green) and photon-jets (blue). As expected, the number
of tracks associated with QCD-jets varies over a broad
range and only a tiny fraction of QCD-jets have no as-
sociated tracks. The single photon/photon-jet samples,
on the other hand, are dominated by jets with no asso-
ciated tracks. Photons that convert yield tracks associ-
ated with the corresponding jets. Since the probability
of conversion increases with the number of photons per
jet, the probability of obtaining one of more associated
tracks increases from single photon jets (single photons)
to jets with two photons (typical for PJSP 1, the dotted
blue curve) to jets with four photons (typical for PJSP8,
the solid blue curve). As with the variable ✓J , ⌫J o↵ers
some separation between QCD-jets and single photons,
but much less between single photons and photon-jets
(and even less between the di↵erent types of photon-jets).

B. Jet Substructure

Next we want to focus on variables that explicitly char-
acterize the internal structure of jets, i.e., characterize
the energetic subjet components of the jet. Recall that in
this analysis we have identified jets using the the anti-kT
jet algorithm with R = 0.4, but we do not expect the
general features of our analysis to depend on this spe-
cific choice. The next step is to determine a ‘recombina-
tion tree’ for the jets we want to study (here the leading
jet in each event). To this end we apply the kT algo-
rithm [42, 43] to the calorimeter cells identified as con-
stituents of the jet in the first step. (We could as well
use the Cambridge/Aachen (C/A) algorithm [44–46], but
not the anti-kT algorithm in this step as anti-kT does
not tend to produce a physically relevant recombination
tree.) This recombination tree specifies the subjets at
each level of recombination N from N = 1 (the full jet)
to N = the number of constituent calorimeter cells in the
jet (no recombination). At the next step the subjet vari-
ables we study fall into two classes. In the first class we
attempt to count the e↵ective number of relevant sub-
jets without using any properties of the subjets in the
tree except their directions in ⌘-�. In this case the useful
variable (defined in detail below) is calledN -subjettiness.
The N -subjettiness variable for a given jet becomes nu-
merically small when the parameter N is large enough to
describe all of the relevant substructure, i.e., this value of
N provides a measure of the number of subjets without
explicitly identifying the subjets. N -subjettiness involves
all components of the original jet for all values of N .

The rest of the substructure variables we study more
explicitly resolve a jet into a set of subjets. We de-
fine both the level in the recombination tree at which
we choose to work, i.e., the number of subjets we have
split the jet into and how many of these subjets to use
in the subsequent analysis. We use Npre-filter (this no-
tation should become clear shortly) and Nhard to label
these two parameters. Thus we start with the 4-vectors

corresponding to the (calorimeter cell) constituents of a
given jet, and then (re)cluster these constituents using
the chosen subjet algorithm (which is not necessarily the
algorithm used to originally identify the jet) in exclusive

mode, i.e. we continue (re)clustering until there are pre-
cisely Npre-filter 4-vectors left – the Npre-filter exclusive
subjets. Out of these Npre-filter subjets we pick the Nhard

largest pT subjets and discard the rest. All the substruc-
ture variables discussed below (except N -subjettiness)
are constructed using these Nhard subjets. Note that by
choosing Npre-filter > Nhard, we have performed a version
of jet ‘grooming’ typically labeled filtering [10, 13, 14].
This will ensure that our results are relatively insensitive
to the e↵ects of the underlying event and pile-up. Ideally,
the integers (Nhard, Npre-filter) should be chosen based on
the topology of the object we are looking for. However,
the naive topology will be influenced by the interaction
with the detector and the details of the jet clustering al-
gorithm. For example, a 4 photon photon-jet will often
appear in the detector to have fewer than 4 distinct lobes
of energy, i.e., one or more photons often merge inside a
single lobe of energy. In our simulation, we find that the
choice Nhard = 3 and Npre-filter = 5 is an acceptable com-
promise, working reasonably well for single photons and
photon-jets from all the study points. Further optimiza-
tion will be possible in the context of real detectors and
searches for specific photon-jet scenarios.

1. N-Subjettiness, ⌧N

“N -subjettiness”, introduced in Ref. [47, 48], is a mod-
ified version of “N -jettiness” from Ref. [49]. It is adapted
in a way such that it becomes a property of a jet rather
than of an event. N -subjettiness provides a simple way
to e↵ectively count the number of subjets inside a given
jet. It captures whether the energy flow inside a jet de-
viates from the one-lobe configuration expected to char-
acterize a typical QCD-jet. We use the definition of N -
subjettiness proposed in Ref. [47]. The starting point
is a jet, the full set of 4-vectors corresponding to the
(calorimeter cell) constituents of the jet (here found with
the anti-kT algorithm for R = 0.4), and the recombina-
tion tree found with the kT algorithm as outlined above.
From this tree we know the 4-vectors describing the ex-
clusive subjets for any level N , i.e., the level where there
are exactly N subjets. With this information we can
define N -subjettiness to be

⌧N =

P

k pTk ⇥min
�

�R1,k,�R2,k, · · · ,�RN,k

 

P

k pTk ⇥R
, (4)

where k runs over all the (calorimeter cell) constituents
of the jet, pTk is the transverse momentum for the k-th
constituent, �Rl,k =

p

(�⌘l,k)2 + (��l,k)2 is the angu-
lar distance between the l-th subjet (at the level when
there are N subjets) and the k-th constituent of the jet,
and R is the characteristic jet radius used in the original
jet clustering algorithm.
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directly we find that it is more instructive to define the
variable

�J = log
⇣

1� pTL

pTJ

⌘

. (5)

The advantage of using the definition in Eq.(5) is that it
focuses on the behavior near pTL ⇠ pTJ .

The discussion above depends crucially on how the
subjets are constructed, especially for QCD-jets. QCD
partons typically shower into many soft partons/hadrons.
After showering and hadronization, single hard partons
yield many soft hadrons distributed throughout the jet.
The way in which these jets are clustered into subjets
dictates the pT distribution of subjets. For example,
for anti-kT subjets, the hardest subjet will always have
pTL ' pTJ . The kT algorithm, on the other hand, clus-
ters the softer elements first and results in more evenly
distributed subjets. The C/A jet algorithm clusters tak-
ing into consideration only the geometric separations of
the elements, and produces qualitatively di↵erent results.
Single photons, on the other hand, shower very little (no
QCD Shower) and deposit energy in only a handful of
cells (per hard photon). Therefore we expect that our
results for single photons or photon-jets will be less sen-
sitive to the details of the clustering algorithm. To versify
this point we use both kT and C/A subjets to evaluate
�J from Eq.(5). The simultaneous use of di↵erent clus-
tering algorithms to extract information from the same
jet should not come as a surprise. As shown in Ref. [50],
substantial further information can be extracted if one
employs a broad sampling out of all of the physically
sensible clustering histories (trees) for a given jet. In
this sense the current analysis is modest in that we only
use two specific clustering procedures.
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FIG. 5. Probability distribution for �J from Eq.(5). As in
Fig. 4 the solid red is for QCD-jets, the solid green for single
photons, dotted blue for PJSP1, dash-dotted blue for PJSP3,
dashed blue for PJSP 4 and solid blue for PJSP 8. The left
(right) figure shows the distribution when � is calculated using
C/A (kT ) subjets.

In Fig. 5 we plot the probability distribution of jets
as a function of �J for QCD-jets, single photons, and
photon-jets. The left (right) panel shows the distribu-
tion when we use the C/A (kT ) algorithm to find the
subjets. Note how the distribution for QCD-jets (the red
curve) moves more to the right (i.e., the pT of the jet
gets more evenly distributed among its subjets) as we go
from C/A subjets to kT subjets. The various photon-jet

study points also look more similar when using the kT
algorithm. In this case the PJSP 1 and PJSP 3 distri-
butions exhibit enhancements suggesting the presence of
both single photon-like behavior (�J ⇠ �1.2) and QCD-
like behavior (�J ⇠ �0.2 to �0.3). The more complex
structure of the PJSP 4 and PJSP 8 jets exhibit a distri-
bution closer to QCD alone. Finally note that the C/A
subjets display the jet substructure information di↵er-
ently from the kT case with the peak in the QCD-jet
distribution at least somewhat separated from the peaks
in the photon-jet distributions. Also for C/A all of the
photon-jet scenarios exhibit at least a little single photon-
like enhancement (for kT this is only true for PJSP 1
and PJSP 3). There is clearly some discrimination to be
gained from using more than one definition of the subjets.

3. Energy-Energy Correlation, ✏J

Another useful variable is the “energy-energy correla-
tion”. We define it as:

✏J =
1

E2
J

X

(i>j)2Nhard

EiEj , (6)

where EJ is the total energy of a given jet, and the indices
i, j run over the (3 hardest) subjets of the jet. From the
definition, it should be clear that ✏J is sensitive to the
energy of the subleading jets. In particular, the energy-
energy correlation can be expressed as

✏J = EL(ENL+ENNL)+ENLENNL

E2
J

⇡ EL(EJ�EL)+ENLENNL

E2
J

, (7)

where EL, ENL, and ENNL are the energies of the leading
subjet, the next-to-leading subjet, and the next-to-next-
to-leading subjet.
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FIG. 6. Probability distribution versus ✏J from Eq.(6). As
in Fig. 4 the solid red is for QCD-jets, the solid green for
single photons, dotted blue for PJSP 1, dash-dotted blue for
PJSP3, dashed blue for PJSP4 and solid blue for PJSP8. The
left (right) figure shows the distribution when ✏J is evaluated
using C/A (kT ) subjets.

We show the probability distribution of jets as a func-
tion of ✏J for QCD-jets, single photons and photon-
jets in Fig. 6. Note that for single photons (the green
curve), ENL and ENNL are negligible and hence we ex-
pect ✏J for single photons to be well approximated by
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directly we find that it is more instructive to define the
variable

�J = log
⇣

1� pTL

pTJ

⌘

. (5)

The advantage of using the definition in Eq.(5) is that it
focuses on the behavior near pTL ⇠ pTJ .

The discussion above depends crucially on how the
subjets are constructed, especially for QCD-jets. QCD
partons typically shower into many soft partons/hadrons.
After showering and hadronization, single hard partons
yield many soft hadrons distributed throughout the jet.
The way in which these jets are clustered into subjets
dictates the pT distribution of subjets. For example,
for anti-kT subjets, the hardest subjet will always have
pTL ' pTJ . The kT algorithm, on the other hand, clus-
ters the softer elements first and results in more evenly
distributed subjets. The C/A jet algorithm clusters tak-
ing into consideration only the geometric separations of
the elements, and produces qualitatively di↵erent results.
Single photons, on the other hand, shower very little (no
QCD Shower) and deposit energy in only a handful of
cells (per hard photon). Therefore we expect that our
results for single photons or photon-jets will be less sen-
sitive to the details of the clustering algorithm. To versify
this point we use both kT and C/A subjets to evaluate
�J from Eq.(5). The simultaneous use of di↵erent clus-
tering algorithms to extract information from the same
jet should not come as a surprise. As shown in Ref. [50],
substantial further information can be extracted if one
employs a broad sampling out of all of the physically
sensible clustering histories (trees) for a given jet. In
this sense the current analysis is modest in that we only
use two specific clustering procedures.
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FIG. 5. Probability distribution for �J from Eq.(5). As in
Fig. 4 the solid red is for QCD-jets, the solid green for single
photons, dotted blue for PJSP1, dash-dotted blue for PJSP3,
dashed blue for PJSP 4 and solid blue for PJSP 8. The left
(right) figure shows the distribution when � is calculated using
C/A (kT ) subjets.

In Fig. 5 we plot the probability distribution of jets
as a function of �J for QCD-jets, single photons, and
photon-jets. The left (right) panel shows the distribu-
tion when we use the C/A (kT ) algorithm to find the
subjets. Note how the distribution for QCD-jets (the red
curve) moves more to the right (i.e., the pT of the jet
gets more evenly distributed among its subjets) as we go
from C/A subjets to kT subjets. The various photon-jet

study points also look more similar when using the kT
algorithm. In this case the PJSP 1 and PJSP 3 distri-
butions exhibit enhancements suggesting the presence of
both single photon-like behavior (�J ⇠ �1.2) and QCD-
like behavior (�J ⇠ �0.2 to �0.3). The more complex
structure of the PJSP 4 and PJSP 8 jets exhibit a distri-
bution closer to QCD alone. Finally note that the C/A
subjets display the jet substructure information di↵er-
ently from the kT case with the peak in the QCD-jet
distribution at least somewhat separated from the peaks
in the photon-jet distributions. Also for C/A all of the
photon-jet scenarios exhibit at least a little single photon-
like enhancement (for kT this is only true for PJSP 1
and PJSP 3). There is clearly some discrimination to be
gained from using more than one definition of the subjets.

3. Energy-Energy Correlation, ✏J

Another useful variable is the “energy-energy correla-
tion”. We define it as:

✏J =
1

E2
J

X

(i>j)2Nhard

EiEj , (6)

where EJ is the total energy of a given jet, and the indices
i, j run over the (3 hardest) subjets of the jet. From the
definition, it should be clear that ✏J is sensitive to the
energy of the subleading jets. In particular, the energy-
energy correlation can be expressed as

✏J = EL(ENL+ENNL)+ENLENNL

E2
J

⇡ EL(EJ�EL)+ENLENNL

E2
J

, (7)

where EL, ENL, and ENNL are the energies of the leading
subjet, the next-to-leading subjet, and the next-to-next-
to-leading subjet.
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FIG. 6. Probability distribution versus ✏J from Eq.(6). As
in Fig. 4 the solid red is for QCD-jets, the solid green for
single photons, dotted blue for PJSP 1, dash-dotted blue for
PJSP3, dashed blue for PJSP4 and solid blue for PJSP8. The
left (right) figure shows the distribution when ✏J is evaluated
using C/A (kT ) subjets.

We show the probability distribution of jets as a func-
tion of ✏J for QCD-jets, single photons and photon-
jets in Fig. 6. Note that for single photons (the green
curve), ENL and ENNL are negligible and hence we ex-
pect ✏J for single photons to be well approximated by
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EL (EJ � EL) /E2
J . In fact, the sharp peak for single

photons in Fig. 5 at �1.2 (kT algorithm) corresponds
to the sharp peak at about 0.04 in Fig. 6. More gen-
erally the qualitative features in Fig. 5 are repeated in
Fig. 6. For C/A subjets the distributions for all of the
photon-jet study points exhibit two peaks, the large ✏J
value enhancement presumably corresponding to the en-
ergy being shared approximately equally among several
final photons, while the small value enhancement arises
from the case when one photon dominates (perhaps be-
cause some of the photons are not in the jet). For kT
subjets only the PJSP 1 and PJSP 3 distributions ex-
hibit the small ✏J single photon-like enhancement. We
also see that again the two algorithms yield distinctly
di↵erent distributions for QCD-jets.

4. Subjet Spread, ⇢J

We define “subjet spread” as a measure of the geomet-
ric distribution of the subjets.

⇢J =
1

R

X

(i>j)2Nhard

�Ri,j , (8)

where �Ri,j is the angular distance between the i-th and
j-th (hard) subjets, and R is the size parameter of the
jet algorithm.
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FIG. 7. Probability distribution for subjet-spread ⇢J from
Eq.(8). As in Fig. 4 the solid red is for QCD-jets, the solid
green for single photons, dotted blue for PJSP1, dash-dotted
blue for PJSP 3, dashed blue for PJSP 4 and solid blue for
PJSP 8. The left (right) figure shows the distribution when
⇢J is calculated using C/A (kT ) subjets.

The left (right) panel of Fig. 7 shows the probability
distribution of jets as a function of ⇢J for QCD-jets, sin-
gle photons and photon-jets when the C/A (kT ) subjets
are used to evaluate Eq.(8). For this variable only the
QCD-jet distribution changes dramatically when chang-
ing the choice of subjet algorithm from C/A to kT . By
using both algorithms this feature will provide some abil-
ity to discriminate between QCD-jets and single photons
or photon-jets. For the single photon case the the strong
peak at small ⇢J confirms that all of the subjets are close
to each other, forming a hard core. Subjet spread is quite
sensitive to the mass m1 as can be seen from the di↵er-
ent photon-jet distributions. In particular, the position

of the peaks for photon-jets with di↵erent m1 simply fol-
low the m1 value. The PJSP 3 and PJSP 8 distributions
are nearly the same (with the same m1 value), while the
PJSP 1 and PJSP 4 distributions are just similar (with
somewhat di↵erent m1 values), but distinct from PJSP3
and PJSP 8. The m1 dependence is not surprising since
the opening angle between the decay products of the n1

particle depends on m1. Finally we note that the PJSP3
and PJSP 8 distributions do have an enhancement at
small ⇢J values presumably corresponding to configura-
tions where the extra photons are not captured in the
jet.

5. Subjet Area of the Jet

As defined in Ref. [51], the “area” associated with a
jet is an unambiguous concept that represents quantita-
tively the amount of surface in the (⌘-�) plane included
in a jet. In this analysis, we use the “active area” defi-
nition for the area of the jet. The active area of a jet is
calculated by adding a uniform background of arbitrar-
ily soft ‘ghost’ particles to the event (so that each ghost
represents a fixed area) and then counting the number of
ghosts clustered into the given jet. The area of a jet is
often used to provide a quantitative understanding of the
largely uncorrelated contributions to a jet from the un-
derlying event and pile-up. However, it is rarely used in
phenomenology for the purpose of discovering new parti-
cles or tagging jets. We use ‘subjet area’ as a measure of
the ‘cleanliness’ of the jet. We show that it can be a use-
ful tool for distinguishing a single photon or a photon-jet
from noisier QCD-jets. We define the subjet area fraction
as

�J =
1

AJ

X

i2Nhard

Ai , (9)

where Ai is the area of the i-th subjet and AJ is the area
of the entire jet. Note that this definition of �J is only
useful when the subjets are constructed geometrically by
merging the nearest neighbors first (i.e., using the C/A
algorithm). In Fig. 8, we show the probability distri-
bution for jets as a function of �J for QCD-jets, single
photons, and photon-jets. As expected, the figure shows
that single photons (the green curve) are significantly
cleaner (exhibit smaller �J values) than QCD-jets (the
red curve) and that photon-jets (the blue curves) tend to
lie in between. Fixing m1 such that the first splitting is
fairly wide, we can investigate the e↵ects of m2. If m2 is
small, then the two photons coming from the n2 decays
will be very close together, and the subjet that contains
them will not collect many ghosts. On the other hand,
a large m2 will split the two photons further apart and,
if still contained in the same subjet, that subjet will col-
lect substantially more ghosts resulting in a subjet with a
larger active area. QCD-jets contain many soft particles
and so the subjets in QCD jets have larger areas. Thus
we see that the QCD distribution peaks for �j near 0.5,
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EL (EJ � EL) /E2
J . In fact, the sharp peak for single

photons in Fig. 5 at �1.2 (kT algorithm) corresponds
to the sharp peak at about 0.04 in Fig. 6. More gen-
erally the qualitative features in Fig. 5 are repeated in
Fig. 6. For C/A subjets the distributions for all of the
photon-jet study points exhibit two peaks, the large ✏J
value enhancement presumably corresponding to the en-
ergy being shared approximately equally among several
final photons, while the small value enhancement arises
from the case when one photon dominates (perhaps be-
cause some of the photons are not in the jet). For kT
subjets only the PJSP 1 and PJSP 3 distributions ex-
hibit the small ✏J single photon-like enhancement. We
also see that again the two algorithms yield distinctly
di↵erent distributions for QCD-jets.

4. Subjet Spread, ⇢J

We define “subjet spread” as a measure of the geomet-
ric distribution of the subjets.

⇢J =
1

R

X

(i>j)2Nhard

�Ri,j , (8)

where �Ri,j is the angular distance between the i-th and
j-th (hard) subjets, and R is the size parameter of the
jet algorithm.
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FIG. 7. Probability distribution for subjet-spread ⇢J from
Eq.(8). As in Fig. 4 the solid red is for QCD-jets, the solid
green for single photons, dotted blue for PJSP1, dash-dotted
blue for PJSP 3, dashed blue for PJSP 4 and solid blue for
PJSP 8. The left (right) figure shows the distribution when
⇢J is calculated using C/A (kT ) subjets.

The left (right) panel of Fig. 7 shows the probability
distribution of jets as a function of ⇢J for QCD-jets, sin-
gle photons and photon-jets when the C/A (kT ) subjets
are used to evaluate Eq.(8). For this variable only the
QCD-jet distribution changes dramatically when chang-
ing the choice of subjet algorithm from C/A to kT . By
using both algorithms this feature will provide some abil-
ity to discriminate between QCD-jets and single photons
or photon-jets. For the single photon case the the strong
peak at small ⇢J confirms that all of the subjets are close
to each other, forming a hard core. Subjet spread is quite
sensitive to the mass m1 as can be seen from the di↵er-
ent photon-jet distributions. In particular, the position

of the peaks for photon-jets with di↵erent m1 simply fol-
low the m1 value. The PJSP 3 and PJSP 8 distributions
are nearly the same (with the same m1 value), while the
PJSP 1 and PJSP 4 distributions are just similar (with
somewhat di↵erent m1 values), but distinct from PJSP3
and PJSP 8. The m1 dependence is not surprising since
the opening angle between the decay products of the n1

particle depends on m1. Finally we note that the PJSP3
and PJSP 8 distributions do have an enhancement at
small ⇢J values presumably corresponding to configura-
tions where the extra photons are not captured in the
jet.

5. Subjet Area of the Jet

As defined in Ref. [51], the “area” associated with a
jet is an unambiguous concept that represents quantita-
tively the amount of surface in the (⌘-�) plane included
in a jet. In this analysis, we use the “active area” defi-
nition for the area of the jet. The active area of a jet is
calculated by adding a uniform background of arbitrar-
ily soft ‘ghost’ particles to the event (so that each ghost
represents a fixed area) and then counting the number of
ghosts clustered into the given jet. The area of a jet is
often used to provide a quantitative understanding of the
largely uncorrelated contributions to a jet from the un-
derlying event and pile-up. However, it is rarely used in
phenomenology for the purpose of discovering new parti-
cles or tagging jets. We use ‘subjet area’ as a measure of
the ‘cleanliness’ of the jet. We show that it can be a use-
ful tool for distinguishing a single photon or a photon-jet
from noisier QCD-jets. We define the subjet area fraction
as

�J =
1

AJ

X

i2Nhard

Ai , (9)

where Ai is the area of the i-th subjet and AJ is the area
of the entire jet. Note that this definition of �J is only
useful when the subjets are constructed geometrically by
merging the nearest neighbors first (i.e., using the C/A
algorithm). In Fig. 8, we show the probability distri-
bution for jets as a function of �J for QCD-jets, single
photons, and photon-jets. As expected, the figure shows
that single photons (the green curve) are significantly
cleaner (exhibit smaller �J values) than QCD-jets (the
red curve) and that photon-jets (the blue curves) tend to
lie in between. Fixing m1 such that the first splitting is
fairly wide, we can investigate the e↵ects of m2. If m2 is
small, then the two photons coming from the n2 decays
will be very close together, and the subjet that contains
them will not collect many ghosts. On the other hand,
a large m2 will split the two photons further apart and,
if still contained in the same subjet, that subjet will col-
lect substantially more ghosts resulting in a subjet with a
larger active area. QCD-jets contain many soft particles
and so the subjets in QCD jets have larger areas. Thus
we see that the QCD distribution peaks for �j near 0.5,
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EL (EJ � EL) /E2
J . In fact, the sharp peak for single

photons in Fig. 5 at �1.2 (kT algorithm) corresponds
to the sharp peak at about 0.04 in Fig. 6. More gen-
erally the qualitative features in Fig. 5 are repeated in
Fig. 6. For C/A subjets the distributions for all of the
photon-jet study points exhibit two peaks, the large ✏J
value enhancement presumably corresponding to the en-
ergy being shared approximately equally among several
final photons, while the small value enhancement arises
from the case when one photon dominates (perhaps be-
cause some of the photons are not in the jet). For kT
subjets only the PJSP 1 and PJSP 3 distributions ex-
hibit the small ✏J single photon-like enhancement. We
also see that again the two algorithms yield distinctly
di↵erent distributions for QCD-jets.

4. Subjet Spread, ⇢J

We define “subjet spread” as a measure of the geomet-
ric distribution of the subjets.

⇢J =
1

R

X

(i>j)2Nhard

�Ri,j , (8)

where �Ri,j is the angular distance between the i-th and
j-th (hard) subjets, and R is the size parameter of the
jet algorithm.
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FIG. 7. Probability distribution for subjet-spread ⇢J from
Eq.(8). As in Fig. 4 the solid red is for QCD-jets, the solid
green for single photons, dotted blue for PJSP1, dash-dotted
blue for PJSP 3, dashed blue for PJSP 4 and solid blue for
PJSP 8. The left (right) figure shows the distribution when
⇢J is calculated using C/A (kT ) subjets.

The left (right) panel of Fig. 7 shows the probability
distribution of jets as a function of ⇢J for QCD-jets, sin-
gle photons and photon-jets when the C/A (kT ) subjets
are used to evaluate Eq.(8). For this variable only the
QCD-jet distribution changes dramatically when chang-
ing the choice of subjet algorithm from C/A to kT . By
using both algorithms this feature will provide some abil-
ity to discriminate between QCD-jets and single photons
or photon-jets. For the single photon case the the strong
peak at small ⇢J confirms that all of the subjets are close
to each other, forming a hard core. Subjet spread is quite
sensitive to the mass m1 as can be seen from the di↵er-
ent photon-jet distributions. In particular, the position

of the peaks for photon-jets with di↵erent m1 simply fol-
low the m1 value. The PJSP 3 and PJSP 8 distributions
are nearly the same (with the same m1 value), while the
PJSP 1 and PJSP 4 distributions are just similar (with
somewhat di↵erent m1 values), but distinct from PJSP3
and PJSP 8. The m1 dependence is not surprising since
the opening angle between the decay products of the n1

particle depends on m1. Finally we note that the PJSP3
and PJSP 8 distributions do have an enhancement at
small ⇢J values presumably corresponding to configura-
tions where the extra photons are not captured in the
jet.

5. Subjet Area of the Jet

As defined in Ref. [51], the “area” associated with a
jet is an unambiguous concept that represents quantita-
tively the amount of surface in the (⌘-�) plane included
in a jet. In this analysis, we use the “active area” defi-
nition for the area of the jet. The active area of a jet is
calculated by adding a uniform background of arbitrar-
ily soft ‘ghost’ particles to the event (so that each ghost
represents a fixed area) and then counting the number of
ghosts clustered into the given jet. The area of a jet is
often used to provide a quantitative understanding of the
largely uncorrelated contributions to a jet from the un-
derlying event and pile-up. However, it is rarely used in
phenomenology for the purpose of discovering new parti-
cles or tagging jets. We use ‘subjet area’ as a measure of
the ‘cleanliness’ of the jet. We show that it can be a use-
ful tool for distinguishing a single photon or a photon-jet
from noisier QCD-jets. We define the subjet area fraction
as

�J =
1

AJ

X

i2Nhard

Ai , (9)

where Ai is the area of the i-th subjet and AJ is the area
of the entire jet. Note that this definition of �J is only
useful when the subjets are constructed geometrically by
merging the nearest neighbors first (i.e., using the C/A
algorithm). In Fig. 8, we show the probability distri-
bution for jets as a function of �J for QCD-jets, single
photons, and photon-jets. As expected, the figure shows
that single photons (the green curve) are significantly
cleaner (exhibit smaller �J values) than QCD-jets (the
red curve) and that photon-jets (the blue curves) tend to
lie in between. Fixing m1 such that the first splitting is
fairly wide, we can investigate the e↵ects of m2. If m2 is
small, then the two photons coming from the n2 decays
will be very close together, and the subjet that contains
them will not collect many ghosts. On the other hand,
a large m2 will split the two photons further apart and,
if still contained in the same subjet, that subjet will col-
lect substantially more ghosts resulting in a subjet with a
larger active area. QCD-jets contain many soft particles
and so the subjets in QCD jets have larger areas. Thus
we see that the QCD distribution peaks for �j near 0.5,
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J . In fact, the sharp peak for single

photons in Fig. 5 at �1.2 (kT algorithm) corresponds
to the sharp peak at about 0.04 in Fig. 6. More gen-
erally the qualitative features in Fig. 5 are repeated in
Fig. 6. For C/A subjets the distributions for all of the
photon-jet study points exhibit two peaks, the large ✏J
value enhancement presumably corresponding to the en-
ergy being shared approximately equally among several
final photons, while the small value enhancement arises
from the case when one photon dominates (perhaps be-
cause some of the photons are not in the jet). For kT
subjets only the PJSP 1 and PJSP 3 distributions ex-
hibit the small ✏J single photon-like enhancement. We
also see that again the two algorithms yield distinctly
di↵erent distributions for QCD-jets.

4. Subjet Spread, ⇢J

We define “subjet spread” as a measure of the geomet-
ric distribution of the subjets.

⇢J =
1

R

X

(i>j)2Nhard

�Ri,j , (8)

where �Ri,j is the angular distance between the i-th and
j-th (hard) subjets, and R is the size parameter of the
jet algorithm.
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FIG. 7. Probability distribution for subjet-spread ⇢J from
Eq.(8). As in Fig. 4 the solid red is for QCD-jets, the solid
green for single photons, dotted blue for PJSP1, dash-dotted
blue for PJSP 3, dashed blue for PJSP 4 and solid blue for
PJSP 8. The left (right) figure shows the distribution when
⇢J is calculated using C/A (kT ) subjets.

The left (right) panel of Fig. 7 shows the probability
distribution of jets as a function of ⇢J for QCD-jets, sin-
gle photons and photon-jets when the C/A (kT ) subjets
are used to evaluate Eq.(8). For this variable only the
QCD-jet distribution changes dramatically when chang-
ing the choice of subjet algorithm from C/A to kT . By
using both algorithms this feature will provide some abil-
ity to discriminate between QCD-jets and single photons
or photon-jets. For the single photon case the the strong
peak at small ⇢J confirms that all of the subjets are close
to each other, forming a hard core. Subjet spread is quite
sensitive to the mass m1 as can be seen from the di↵er-
ent photon-jet distributions. In particular, the position

of the peaks for photon-jets with di↵erent m1 simply fol-
low the m1 value. The PJSP 3 and PJSP 8 distributions
are nearly the same (with the same m1 value), while the
PJSP 1 and PJSP 4 distributions are just similar (with
somewhat di↵erent m1 values), but distinct from PJSP3
and PJSP 8. The m1 dependence is not surprising since
the opening angle between the decay products of the n1

particle depends on m1. Finally we note that the PJSP3
and PJSP 8 distributions do have an enhancement at
small ⇢J values presumably corresponding to configura-
tions where the extra photons are not captured in the
jet.

5. Subjet Area of the Jet

As defined in Ref. [51], the “area” associated with a
jet is an unambiguous concept that represents quantita-
tively the amount of surface in the (⌘-�) plane included
in a jet. In this analysis, we use the “active area” defi-
nition for the area of the jet. The active area of a jet is
calculated by adding a uniform background of arbitrar-
ily soft ‘ghost’ particles to the event (so that each ghost
represents a fixed area) and then counting the number of
ghosts clustered into the given jet. The area of a jet is
often used to provide a quantitative understanding of the
largely uncorrelated contributions to a jet from the un-
derlying event and pile-up. However, it is rarely used in
phenomenology for the purpose of discovering new parti-
cles or tagging jets. We use ‘subjet area’ as a measure of
the ‘cleanliness’ of the jet. We show that it can be a use-
ful tool for distinguishing a single photon or a photon-jet
from noisier QCD-jets. We define the subjet area fraction
as

�J =
1

AJ

X

i2Nhard

Ai , (9)

where Ai is the area of the i-th subjet and AJ is the area
of the entire jet. Note that this definition of �J is only
useful when the subjets are constructed geometrically by
merging the nearest neighbors first (i.e., using the C/A
algorithm). In Fig. 8, we show the probability distri-
bution for jets as a function of �J for QCD-jets, single
photons, and photon-jets. As expected, the figure shows
that single photons (the green curve) are significantly
cleaner (exhibit smaller �J values) than QCD-jets (the
red curve) and that photon-jets (the blue curves) tend to
lie in between. Fixing m1 such that the first splitting is
fairly wide, we can investigate the e↵ects of m2. If m2 is
small, then the two photons coming from the n2 decays
will be very close together, and the subjet that contains
them will not collect many ghosts. On the other hand,
a large m2 will split the two photons further apart and,
if still contained in the same subjet, that subjet will col-
lect substantially more ghosts resulting in a subjet with a
larger active area. QCD-jets contain many soft particles
and so the subjets in QCD jets have larger areas. Thus
we see that the QCD distribution peaks for �j near 0.5,
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directly we find that it is more instructive to define the
variable

�J = log
⇣

1� pTL

pTJ

⌘

. (5)

The advantage of using the definition in Eq.(5) is that it
focuses on the behavior near pTL ⇠ pTJ .

The discussion above depends crucially on how the
subjets are constructed, especially for QCD-jets. QCD
partons typically shower into many soft partons/hadrons.
After showering and hadronization, single hard partons
yield many soft hadrons distributed throughout the jet.
The way in which these jets are clustered into subjets
dictates the pT distribution of subjets. For example,
for anti-kT subjets, the hardest subjet will always have
pTL ' pTJ . The kT algorithm, on the other hand, clus-
ters the softer elements first and results in more evenly
distributed subjets. The C/A jet algorithm clusters tak-
ing into consideration only the geometric separations of
the elements, and produces qualitatively di↵erent results.
Single photons, on the other hand, shower very little (no
QCD Shower) and deposit energy in only a handful of
cells (per hard photon). Therefore we expect that our
results for single photons or photon-jets will be less sen-
sitive to the details of the clustering algorithm. To versify
this point we use both kT and C/A subjets to evaluate
�J from Eq.(5). The simultaneous use of di↵erent clus-
tering algorithms to extract information from the same
jet should not come as a surprise. As shown in Ref. [50],
substantial further information can be extracted if one
employs a broad sampling out of all of the physically
sensible clustering histories (trees) for a given jet. In
this sense the current analysis is modest in that we only
use two specific clustering procedures.
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FIG. 5. Probability distribution for �J from Eq.(5). As in
Fig. 4 the solid red is for QCD-jets, the solid green for single
photons, dotted blue for PJSP1, dash-dotted blue for PJSP3,
dashed blue for PJSP 4 and solid blue for PJSP 8. The left
(right) figure shows the distribution when � is calculated using
C/A (kT ) subjets.

In Fig. 5 we plot the probability distribution of jets
as a function of �J for QCD-jets, single photons, and
photon-jets. The left (right) panel shows the distribu-
tion when we use the C/A (kT ) algorithm to find the
subjets. Note how the distribution for QCD-jets (the red
curve) moves more to the right (i.e., the pT of the jet
gets more evenly distributed among its subjets) as we go
from C/A subjets to kT subjets. The various photon-jet

study points also look more similar when using the kT
algorithm. In this case the PJSP 1 and PJSP 3 distri-
butions exhibit enhancements suggesting the presence of
both single photon-like behavior (�J ⇠ �1.2) and QCD-
like behavior (�J ⇠ �0.2 to �0.3). The more complex
structure of the PJSP 4 and PJSP 8 jets exhibit a distri-
bution closer to QCD alone. Finally note that the C/A
subjets display the jet substructure information di↵er-
ently from the kT case with the peak in the QCD-jet
distribution at least somewhat separated from the peaks
in the photon-jet distributions. Also for C/A all of the
photon-jet scenarios exhibit at least a little single photon-
like enhancement (for kT this is only true for PJSP 1
and PJSP 3). There is clearly some discrimination to be
gained from using more than one definition of the subjets.

3. Energy-Energy Correlation, ✏J

Another useful variable is the “energy-energy correla-
tion”. We define it as:

✏J =
1

E2
J

X

(i>j)2Nhard

EiEj , (6)

where EJ is the total energy of a given jet, and the indices
i, j run over the (3 hardest) subjets of the jet. From the
definition, it should be clear that ✏J is sensitive to the
energy of the subleading jets. In particular, the energy-
energy correlation can be expressed as

✏J = EL(ENL+ENNL)+ENLENNL

E2
J

⇡ EL(EJ�EL)+ENLENNL

E2
J

, (7)

where EL, ENL, and ENNL are the energies of the leading
subjet, the next-to-leading subjet, and the next-to-next-
to-leading subjet.
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FIG. 6. Probability distribution versus ✏J from Eq.(6). As
in Fig. 4 the solid red is for QCD-jets, the solid green for
single photons, dotted blue for PJSP 1, dash-dotted blue for
PJSP3, dashed blue for PJSP4 and solid blue for PJSP8. The
left (right) figure shows the distribution when ✏J is evaluated
using C/A (kT ) subjets.

We show the probability distribution of jets as a func-
tion of ✏J for QCD-jets, single photons and photon-
jets in Fig. 6. Note that for single photons (the green
curve), ENL and ENNL are negligible and hence we ex-
pect ✏J for single photons to be well approximated by

7

-3.0 -2.5 -2.0 -1.5 -1.0

0.15

0.12

0.09

0.06

0.03

0.00

log t1

ar
b.
un
its

0.0 0.2 0.4 0.6 0.8 1.0
0.00

0.05

0.10

0.15

0.20

0.25

t2êt1
0.0 0.2 0.4 0.6 0.8 1.0

0.18

0.15

0.12

0.09

0.06

0.03

0.00

t3êt2
0.0 0.2 0.4 0.6 0.8 1.0

0.18

0.15

0.12

0.09

0.06

0.03

0.00

t4êt3
FIG. 4. Probability distributions vesus various N -subjettiness variables. The solid red and green curves show, as usual, the
distributions for QCD-jets and single photons respectively. Various blue curves are for photon-jets from di↵erent study points.
The solid, dashed, dotted and dash-dotted curves in all these figures are for PJSP 8, PJSP 4, PJSP 1 and PJSP 3 respectively.

In the context of single photons, photon-jets and QCD-
jets, we use N -subjettiness in two di↵erent ways. The
first application is to use the ratios ⌧N+1/⌧N in the
same way N -subjettiness is used to tag boosted mas-
sive particles such as a W boson or a hadronic decaying
top [47, 48]. In particular, for a jet with N0 distinct
lobes of energy, ⌧N0 is expected to be much smaller than
⌧N0�1 (of course, we are assuming N0 > 1), whereas for
N > N0, ⌧N+1 is expected to be comparable to ⌧N . Thus
a two photon photon-jet is expected to be characterized
by ⌧2/⌧1 ⌧ 1. On the other hand, one lobed QCD-jets
and single photons should exhibit comparable values for
⌧2 and ⌧1, and consequently ⌧2/⌧1 ⇠ 1.

The second way in which we use N -subjettiness con-
sists of using the magnitude of ⌧1 itself. Even for a jet
with one lobe of energy the exact magnitude of ⌧1 rep-
resents a measure of how widely the energy is spread. A
pencil-like energy profile, like that of a single photon or a
narrow photon-jet, should yield a much smaller ⌧1 com-
pared to QCD-jets with a much broader profile. In fact,
⌧1 is an indicator of jet mass, and, for jets with identical
energy, ⌧1 is proportional to the square of the jet mass.

Figure 4 shows the probability distributions versus
log ⌧1 and ⌧N+1/⌧N for N = 1, 2, 3 corresponding to
single photons, QCD-jets and photon-jets from di↵erent
study points. Note that for photon-jets, the jet mass is
almost always given by the mass parameter m1 in Ta-
ble I. Thus for PJSP 8 and PJSP 3, where m1 has the
same value, the probability distributions versus log ⌧1 are
almost identical. For study points PJSP 8, PJSP 4 and
PJSP1 the peak in log ⌧1 shifts to the left as the value of
m1 decreases (from 10 GeV to 2 GeV to 0.5 GeV). Note
also that the PJSP 1 and PJSP 3 distributions exhibit
a small ⌧1 (small mass) enhancement at essentially the
same ⌧1 value as the primary peak in the single photon
(green curve) distribution. This presumably corresponds
to those kinematic configurations where only one of the
(two) photons from the n1 decay is included in the jet.
Thus we expect that a (small) fraction of the time these
scenarios will look very single photon-like.

Clearly the ratio ⌧2/⌧1 gives significant separation for
the di↵erent photons-jet scenarios. The study points
PJSP 8 and PJSP 3 are now separated, although both
exhibit peaks at small values of the ratio. This suggests

an intrinsic 2-lobe structure corresponding to 2 photons
for PJSP 3 and 4 photons in two relatively tight pairs
(m2 ⌧ m1) for PJSP 8. PJSP 4 with presumably a
more distinctive 4 photon structure exhibits a broader
peak at a larger value of ⌧2/⌧1. Single photons and
PJSP 1 exhibit even broader distributions presumably
corresponding to an intrinsically 1-lobe structure. The
QCD-jet distribution is also broad but with an enhance-
ment around ⌧2/⌧1 = 0.8, presumably arising from a typ-
ical 1-lobe structure but some contribution from showers
with more structure and from the underlying event. The
ratios ⌧3/⌧2 or ⌧4/⌧3 seem to be less e↵ective in discrim-
inating photon-jets from single photons and QCD-jets.
This can be understood by noting that quite often the
hard photons inside a photon-jet become collinear at the
scale of the size of the cell. So even for photon-jets with
4 hard photons, we rarely find jets with 4 distinct cen-
ters of energy. In general we expect the ratio ⌧N+1/⌧N
becomes less and less useful with increasing N .
Note that the distributions for single photons and

photon-like photon-jets tend to exhibit a double peak
structure in ⌧3/⌧2 or ⌧4/⌧3. We believe that this feature
arises from both the contributions due to the underly-
ing event and due to our implementation of transverse
smearing in the ECal (see Appendix A3).

2. Transverse momentum of the Leading Subjet

Now we proceed to discuss the second class of subjet
variables constructed from the 3 hardest subjets out of
the 5 exclusive subjets. As the first such variable consider
the fraction of the jet transverse momentum carried by
the leading subjet, which provides significant information
about the jet itself. In particular, it indicates the fraction
of the jet’s total pT carried by the leading subjet only.
Since photon-jets result from the decay of massive parti-
cles into hard and often widely separated photons inside
the jet, the subjets are usually of comparable hardness.
The leading subjet for single photons and for QCD-jets,
on the other hand, typically carry nearly the entire pT of
the jet. So for the majority of these jets, the pT of the
leading subjet (label it pTL) is of the order of the pT of
the entire jet (pTJ ). Instead of using the ratio pTL/pTJ
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of tracks per jet (⌫J) for QCD-jets (red), single photons
(green) and photon-jets (blue). As expected, the number
of tracks associated with QCD-jets varies over a broad
range and only a tiny fraction of QCD-jets have no as-
sociated tracks. The single photon/photon-jet samples,
on the other hand, are dominated by jets with no asso-
ciated tracks. Photons that convert yield tracks associ-
ated with the corresponding jets. Since the probability
of conversion increases with the number of photons per
jet, the probability of obtaining one of more associated
tracks increases from single photon jets (single photons)
to jets with two photons (typical for PJSP 1, the dotted
blue curve) to jets with four photons (typical for PJSP8,
the solid blue curve). As with the variable ✓J , ⌫J o↵ers
some separation between QCD-jets and single photons,
but much less between single photons and photon-jets
(and even less between the di↵erent types of photon-jets).

B. Jet Substructure

Next we want to focus on variables that explicitly char-
acterize the internal structure of jets, i.e., characterize
the energetic subjet components of the jet. Recall that in
this analysis we have identified jets using the the anti-kT
jet algorithm with R = 0.4, but we do not expect the
general features of our analysis to depend on this spe-
cific choice. The next step is to determine a ‘recombina-
tion tree’ for the jets we want to study (here the leading
jet in each event). To this end we apply the kT algo-
rithm [42, 43] to the calorimeter cells identified as con-
stituents of the jet in the first step. (We could as well
use the Cambridge/Aachen (C/A) algorithm [44–46], but
not the anti-kT algorithm in this step as anti-kT does
not tend to produce a physically relevant recombination
tree.) This recombination tree specifies the subjets at
each level of recombination N from N = 1 (the full jet)
to N = the number of constituent calorimeter cells in the
jet (no recombination). At the next step the subjet vari-
ables we study fall into two classes. In the first class we
attempt to count the e↵ective number of relevant sub-
jets without using any properties of the subjets in the
tree except their directions in ⌘-�. In this case the useful
variable (defined in detail below) is calledN -subjettiness.
The N -subjettiness variable for a given jet becomes nu-
merically small when the parameter N is large enough to
describe all of the relevant substructure, i.e., this value of
N provides a measure of the number of subjets without
explicitly identifying the subjets. N -subjettiness involves
all components of the original jet for all values of N .

The rest of the substructure variables we study more
explicitly resolve a jet into a set of subjets. We de-
fine both the level in the recombination tree at which
we choose to work, i.e., the number of subjets we have
split the jet into and how many of these subjets to use
in the subsequent analysis. We use Npre-filter (this no-
tation should become clear shortly) and Nhard to label
these two parameters. Thus we start with the 4-vectors

corresponding to the (calorimeter cell) constituents of a
given jet, and then (re)cluster these constituents using
the chosen subjet algorithm (which is not necessarily the
algorithm used to originally identify the jet) in exclusive

mode, i.e. we continue (re)clustering until there are pre-
cisely Npre-filter 4-vectors left – the Npre-filter exclusive
subjets. Out of these Npre-filter subjets we pick the Nhard

largest pT subjets and discard the rest. All the substruc-
ture variables discussed below (except N -subjettiness)
are constructed using these Nhard subjets. Note that by
choosing Npre-filter > Nhard, we have performed a version
of jet ‘grooming’ typically labeled filtering [10, 13, 14].
This will ensure that our results are relatively insensitive
to the e↵ects of the underlying event and pile-up. Ideally,
the integers (Nhard, Npre-filter) should be chosen based on
the topology of the object we are looking for. However,
the naive topology will be influenced by the interaction
with the detector and the details of the jet clustering al-
gorithm. For example, a 4 photon photon-jet will often
appear in the detector to have fewer than 4 distinct lobes
of energy, i.e., one or more photons often merge inside a
single lobe of energy. In our simulation, we find that the
choice Nhard = 3 and Npre-filter = 5 is an acceptable com-
promise, working reasonably well for single photons and
photon-jets from all the study points. Further optimiza-
tion will be possible in the context of real detectors and
searches for specific photon-jet scenarios.

1. N-Subjettiness, ⌧N

“N -subjettiness”, introduced in Ref. [47, 48], is a mod-
ified version of “N -jettiness” from Ref. [49]. It is adapted
in a way such that it becomes a property of a jet rather
than of an event. N -subjettiness provides a simple way
to e↵ectively count the number of subjets inside a given
jet. It captures whether the energy flow inside a jet de-
viates from the one-lobe configuration expected to char-
acterize a typical QCD-jet. We use the definition of N -
subjettiness proposed in Ref. [47]. The starting point
is a jet, the full set of 4-vectors corresponding to the
(calorimeter cell) constituents of the jet (here found with
the anti-kT algorithm for R = 0.4), and the recombina-
tion tree found with the kT algorithm as outlined above.
From this tree we know the 4-vectors describing the ex-
clusive subjets for any level N , i.e., the level where there
are exactly N subjets. With this information we can
define N -subjettiness to be

⌧N =

P

k pTk ⇥min
�

�R1,k,�R2,k, · · · ,�RN,k

 

P

k pTk ⇥R
, (4)

where k runs over all the (calorimeter cell) constituents
of the jet, pTk is the transverse momentum for the k-th
constituent, �Rl,k =

p

(�⌘l,k)2 + (��l,k)2 is the angu-
lar distance between the l-th subjet (at the level when
there are N subjets) and the k-th constituent of the jet,
and R is the characteristic jet radius used in the original
jet clustering algorithm.
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of tracks per jet (⌫J) for QCD-jets (red), single photons
(green) and photon-jets (blue). As expected, the number
of tracks associated with QCD-jets varies over a broad
range and only a tiny fraction of QCD-jets have no as-
sociated tracks. The single photon/photon-jet samples,
on the other hand, are dominated by jets with no asso-
ciated tracks. Photons that convert yield tracks associ-
ated with the corresponding jets. Since the probability
of conversion increases with the number of photons per
jet, the probability of obtaining one of more associated
tracks increases from single photon jets (single photons)
to jets with two photons (typical for PJSP 1, the dotted
blue curve) to jets with four photons (typical for PJSP8,
the solid blue curve). As with the variable ✓J , ⌫J o↵ers
some separation between QCD-jets and single photons,
but much less between single photons and photon-jets
(and even less between the di↵erent types of photon-jets).

B. Jet Substructure

Next we want to focus on variables that explicitly char-
acterize the internal structure of jets, i.e., characterize
the energetic subjet components of the jet. Recall that in
this analysis we have identified jets using the the anti-kT
jet algorithm with R = 0.4, but we do not expect the
general features of our analysis to depend on this spe-
cific choice. The next step is to determine a ‘recombina-
tion tree’ for the jets we want to study (here the leading
jet in each event). To this end we apply the kT algo-
rithm [42, 43] to the calorimeter cells identified as con-
stituents of the jet in the first step. (We could as well
use the Cambridge/Aachen (C/A) algorithm [44–46], but
not the anti-kT algorithm in this step as anti-kT does
not tend to produce a physically relevant recombination
tree.) This recombination tree specifies the subjets at
each level of recombination N from N = 1 (the full jet)
to N = the number of constituent calorimeter cells in the
jet (no recombination). At the next step the subjet vari-
ables we study fall into two classes. In the first class we
attempt to count the e↵ective number of relevant sub-
jets without using any properties of the subjets in the
tree except their directions in ⌘-�. In this case the useful
variable (defined in detail below) is calledN -subjettiness.
The N -subjettiness variable for a given jet becomes nu-
merically small when the parameter N is large enough to
describe all of the relevant substructure, i.e., this value of
N provides a measure of the number of subjets without
explicitly identifying the subjets. N -subjettiness involves
all components of the original jet for all values of N .

The rest of the substructure variables we study more
explicitly resolve a jet into a set of subjets. We de-
fine both the level in the recombination tree at which
we choose to work, i.e., the number of subjets we have
split the jet into and how many of these subjets to use
in the subsequent analysis. We use Npre-filter (this no-
tation should become clear shortly) and Nhard to label
these two parameters. Thus we start with the 4-vectors

corresponding to the (calorimeter cell) constituents of a
given jet, and then (re)cluster these constituents using
the chosen subjet algorithm (which is not necessarily the
algorithm used to originally identify the jet) in exclusive

mode, i.e. we continue (re)clustering until there are pre-
cisely Npre-filter 4-vectors left – the Npre-filter exclusive
subjets. Out of these Npre-filter subjets we pick the Nhard

largest pT subjets and discard the rest. All the substruc-
ture variables discussed below (except N -subjettiness)
are constructed using these Nhard subjets. Note that by
choosing Npre-filter > Nhard, we have performed a version
of jet ‘grooming’ typically labeled filtering [10, 13, 14].
This will ensure that our results are relatively insensitive
to the e↵ects of the underlying event and pile-up. Ideally,
the integers (Nhard, Npre-filter) should be chosen based on
the topology of the object we are looking for. However,
the naive topology will be influenced by the interaction
with the detector and the details of the jet clustering al-
gorithm. For example, a 4 photon photon-jet will often
appear in the detector to have fewer than 4 distinct lobes
of energy, i.e., one or more photons often merge inside a
single lobe of energy. In our simulation, we find that the
choice Nhard = 3 and Npre-filter = 5 is an acceptable com-
promise, working reasonably well for single photons and
photon-jets from all the study points. Further optimiza-
tion will be possible in the context of real detectors and
searches for specific photon-jet scenarios.

1. N-Subjettiness, ⌧N

“N -subjettiness”, introduced in Ref. [47, 48], is a mod-
ified version of “N -jettiness” from Ref. [49]. It is adapted
in a way such that it becomes a property of a jet rather
than of an event. N -subjettiness provides a simple way
to e↵ectively count the number of subjets inside a given
jet. It captures whether the energy flow inside a jet de-
viates from the one-lobe configuration expected to char-
acterize a typical QCD-jet. We use the definition of N -
subjettiness proposed in Ref. [47]. The starting point
is a jet, the full set of 4-vectors corresponding to the
(calorimeter cell) constituents of the jet (here found with
the anti-kT algorithm for R = 0.4), and the recombina-
tion tree found with the kT algorithm as outlined above.
From this tree we know the 4-vectors describing the ex-
clusive subjets for any level N , i.e., the level where there
are exactly N subjets. With this information we can
define N -subjettiness to be

⌧N =

P

k pTk ⇥min
�

�R1,k,�R2,k, · · · ,�RN,k

 

P

k pTk ⇥R
, (4)

where k runs over all the (calorimeter cell) constituents
of the jet, pTk is the transverse momentum for the k-th
constituent, �Rl,k =

p

(�⌘l,k)2 + (��l,k)2 is the angu-
lar distance between the l-th subjet (at the level when
there are N subjets) and the k-th constituent of the jet,
and R is the characteristic jet radius used in the original
jet clustering algorithm.
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directly we find that it is more instructive to define the
variable

�J = log
⇣

1� pTL

pTJ

⌘

. (5)

The advantage of using the definition in Eq.(5) is that it
focuses on the behavior near pTL ⇠ pTJ .

The discussion above depends crucially on how the
subjets are constructed, especially for QCD-jets. QCD
partons typically shower into many soft partons/hadrons.
After showering and hadronization, single hard partons
yield many soft hadrons distributed throughout the jet.
The way in which these jets are clustered into subjets
dictates the pT distribution of subjets. For example,
for anti-kT subjets, the hardest subjet will always have
pTL ' pTJ . The kT algorithm, on the other hand, clus-
ters the softer elements first and results in more evenly
distributed subjets. The C/A jet algorithm clusters tak-
ing into consideration only the geometric separations of
the elements, and produces qualitatively di↵erent results.
Single photons, on the other hand, shower very little (no
QCD Shower) and deposit energy in only a handful of
cells (per hard photon). Therefore we expect that our
results for single photons or photon-jets will be less sen-
sitive to the details of the clustering algorithm. To versify
this point we use both kT and C/A subjets to evaluate
�J from Eq.(5). The simultaneous use of di↵erent clus-
tering algorithms to extract information from the same
jet should not come as a surprise. As shown in Ref. [50],
substantial further information can be extracted if one
employs a broad sampling out of all of the physically
sensible clustering histories (trees) for a given jet. In
this sense the current analysis is modest in that we only
use two specific clustering procedures.
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FIG. 5. Probability distribution for �J from Eq.(5). As in
Fig. 4 the solid red is for QCD-jets, the solid green for single
photons, dotted blue for PJSP1, dash-dotted blue for PJSP3,
dashed blue for PJSP 4 and solid blue for PJSP 8. The left
(right) figure shows the distribution when � is calculated using
C/A (kT ) subjets.

In Fig. 5 we plot the probability distribution of jets
as a function of �J for QCD-jets, single photons, and
photon-jets. The left (right) panel shows the distribu-
tion when we use the C/A (kT ) algorithm to find the
subjets. Note how the distribution for QCD-jets (the red
curve) moves more to the right (i.e., the pT of the jet
gets more evenly distributed among its subjets) as we go
from C/A subjets to kT subjets. The various photon-jet

study points also look more similar when using the kT
algorithm. In this case the PJSP 1 and PJSP 3 distri-
butions exhibit enhancements suggesting the presence of
both single photon-like behavior (�J ⇠ �1.2) and QCD-
like behavior (�J ⇠ �0.2 to �0.3). The more complex
structure of the PJSP 4 and PJSP 8 jets exhibit a distri-
bution closer to QCD alone. Finally note that the C/A
subjets display the jet substructure information di↵er-
ently from the kT case with the peak in the QCD-jet
distribution at least somewhat separated from the peaks
in the photon-jet distributions. Also for C/A all of the
photon-jet scenarios exhibit at least a little single photon-
like enhancement (for kT this is only true for PJSP 1
and PJSP 3). There is clearly some discrimination to be
gained from using more than one definition of the subjets.

3. Energy-Energy Correlation, ✏J

Another useful variable is the “energy-energy correla-
tion”. We define it as:

✏J =
1

E2
J

X

(i>j)2Nhard

EiEj , (6)

where EJ is the total energy of a given jet, and the indices
i, j run over the (3 hardest) subjets of the jet. From the
definition, it should be clear that ✏J is sensitive to the
energy of the subleading jets. In particular, the energy-
energy correlation can be expressed as

✏J = EL(ENL+ENNL)+ENLENNL

E2
J

⇡ EL(EJ�EL)+ENLENNL

E2
J

, (7)

where EL, ENL, and ENNL are the energies of the leading
subjet, the next-to-leading subjet, and the next-to-next-
to-leading subjet.
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FIG. 6. Probability distribution versus ✏J from Eq.(6). As
in Fig. 4 the solid red is for QCD-jets, the solid green for
single photons, dotted blue for PJSP 1, dash-dotted blue for
PJSP3, dashed blue for PJSP4 and solid blue for PJSP8. The
left (right) figure shows the distribution when ✏J is evaluated
using C/A (kT ) subjets.

We show the probability distribution of jets as a func-
tion of ✏J for QCD-jets, single photons and photon-
jets in Fig. 6. Note that for single photons (the green
curve), ENL and ENNL are negligible and hence we ex-
pect ✏J for single photons to be well approximated by
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directly we find that it is more instructive to define the
variable

�J = log
⇣

1� pTL

pTJ

⌘

. (5)

The advantage of using the definition in Eq.(5) is that it
focuses on the behavior near pTL ⇠ pTJ .

The discussion above depends crucially on how the
subjets are constructed, especially for QCD-jets. QCD
partons typically shower into many soft partons/hadrons.
After showering and hadronization, single hard partons
yield many soft hadrons distributed throughout the jet.
The way in which these jets are clustered into subjets
dictates the pT distribution of subjets. For example,
for anti-kT subjets, the hardest subjet will always have
pTL ' pTJ . The kT algorithm, on the other hand, clus-
ters the softer elements first and results in more evenly
distributed subjets. The C/A jet algorithm clusters tak-
ing into consideration only the geometric separations of
the elements, and produces qualitatively di↵erent results.
Single photons, on the other hand, shower very little (no
QCD Shower) and deposit energy in only a handful of
cells (per hard photon). Therefore we expect that our
results for single photons or photon-jets will be less sen-
sitive to the details of the clustering algorithm. To versify
this point we use both kT and C/A subjets to evaluate
�J from Eq.(5). The simultaneous use of di↵erent clus-
tering algorithms to extract information from the same
jet should not come as a surprise. As shown in Ref. [50],
substantial further information can be extracted if one
employs a broad sampling out of all of the physically
sensible clustering histories (trees) for a given jet. In
this sense the current analysis is modest in that we only
use two specific clustering procedures.
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FIG. 5. Probability distribution for �J from Eq.(5). As in
Fig. 4 the solid red is for QCD-jets, the solid green for single
photons, dotted blue for PJSP1, dash-dotted blue for PJSP3,
dashed blue for PJSP 4 and solid blue for PJSP 8. The left
(right) figure shows the distribution when � is calculated using
C/A (kT ) subjets.

In Fig. 5 we plot the probability distribution of jets
as a function of �J for QCD-jets, single photons, and
photon-jets. The left (right) panel shows the distribu-
tion when we use the C/A (kT ) algorithm to find the
subjets. Note how the distribution for QCD-jets (the red
curve) moves more to the right (i.e., the pT of the jet
gets more evenly distributed among its subjets) as we go
from C/A subjets to kT subjets. The various photon-jet

study points also look more similar when using the kT
algorithm. In this case the PJSP 1 and PJSP 3 distri-
butions exhibit enhancements suggesting the presence of
both single photon-like behavior (�J ⇠ �1.2) and QCD-
like behavior (�J ⇠ �0.2 to �0.3). The more complex
structure of the PJSP 4 and PJSP 8 jets exhibit a distri-
bution closer to QCD alone. Finally note that the C/A
subjets display the jet substructure information di↵er-
ently from the kT case with the peak in the QCD-jet
distribution at least somewhat separated from the peaks
in the photon-jet distributions. Also for C/A all of the
photon-jet scenarios exhibit at least a little single photon-
like enhancement (for kT this is only true for PJSP 1
and PJSP 3). There is clearly some discrimination to be
gained from using more than one definition of the subjets.

3. Energy-Energy Correlation, ✏J

Another useful variable is the “energy-energy correla-
tion”. We define it as:

✏J =
1

E2
J

X

(i>j)2Nhard

EiEj , (6)

where EJ is the total energy of a given jet, and the indices
i, j run over the (3 hardest) subjets of the jet. From the
definition, it should be clear that ✏J is sensitive to the
energy of the subleading jets. In particular, the energy-
energy correlation can be expressed as

✏J = EL(ENL+ENNL)+ENLENNL

E2
J

⇡ EL(EJ�EL)+ENLENNL

E2
J

, (7)

where EL, ENL, and ENNL are the energies of the leading
subjet, the next-to-leading subjet, and the next-to-next-
to-leading subjet.
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FIG. 6. Probability distribution versus ✏J from Eq.(6). As
in Fig. 4 the solid red is for QCD-jets, the solid green for
single photons, dotted blue for PJSP 1, dash-dotted blue for
PJSP3, dashed blue for PJSP4 and solid blue for PJSP8. The
left (right) figure shows the distribution when ✏J is evaluated
using C/A (kT ) subjets.

We show the probability distribution of jets as a func-
tion of ✏J for QCD-jets, single photons and photon-
jets in Fig. 6. Note that for single photons (the green
curve), ENL and ENNL are negligible and hence we ex-
pect ✏J for single photons to be well approximated by
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EL (EJ � EL) /E2
J . In fact, the sharp peak for single

photons in Fig. 5 at �1.2 (kT algorithm) corresponds
to the sharp peak at about 0.04 in Fig. 6. More gen-
erally the qualitative features in Fig. 5 are repeated in
Fig. 6. For C/A subjets the distributions for all of the
photon-jet study points exhibit two peaks, the large ✏J
value enhancement presumably corresponding to the en-
ergy being shared approximately equally among several
final photons, while the small value enhancement arises
from the case when one photon dominates (perhaps be-
cause some of the photons are not in the jet). For kT
subjets only the PJSP 1 and PJSP 3 distributions ex-
hibit the small ✏J single photon-like enhancement. We
also see that again the two algorithms yield distinctly
di↵erent distributions for QCD-jets.

4. Subjet Spread, ⇢J

We define “subjet spread” as a measure of the geomet-
ric distribution of the subjets.

⇢J =
1

R

X

(i>j)2Nhard

�Ri,j , (8)

where �Ri,j is the angular distance between the i-th and
j-th (hard) subjets, and R is the size parameter of the
jet algorithm.
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FIG. 7. Probability distribution for subjet-spread ⇢J from
Eq.(8). As in Fig. 4 the solid red is for QCD-jets, the solid
green for single photons, dotted blue for PJSP1, dash-dotted
blue for PJSP 3, dashed blue for PJSP 4 and solid blue for
PJSP 8. The left (right) figure shows the distribution when
⇢J is calculated using C/A (kT ) subjets.

The left (right) panel of Fig. 7 shows the probability
distribution of jets as a function of ⇢J for QCD-jets, sin-
gle photons and photon-jets when the C/A (kT ) subjets
are used to evaluate Eq.(8). For this variable only the
QCD-jet distribution changes dramatically when chang-
ing the choice of subjet algorithm from C/A to kT . By
using both algorithms this feature will provide some abil-
ity to discriminate between QCD-jets and single photons
or photon-jets. For the single photon case the the strong
peak at small ⇢J confirms that all of the subjets are close
to each other, forming a hard core. Subjet spread is quite
sensitive to the mass m1 as can be seen from the di↵er-
ent photon-jet distributions. In particular, the position

of the peaks for photon-jets with di↵erent m1 simply fol-
low the m1 value. The PJSP 3 and PJSP 8 distributions
are nearly the same (with the same m1 value), while the
PJSP 1 and PJSP 4 distributions are just similar (with
somewhat di↵erent m1 values), but distinct from PJSP3
and PJSP 8. The m1 dependence is not surprising since
the opening angle between the decay products of the n1

particle depends on m1. Finally we note that the PJSP3
and PJSP 8 distributions do have an enhancement at
small ⇢J values presumably corresponding to configura-
tions where the extra photons are not captured in the
jet.

5. Subjet Area of the Jet

As defined in Ref. [51], the “area” associated with a
jet is an unambiguous concept that represents quantita-
tively the amount of surface in the (⌘-�) plane included
in a jet. In this analysis, we use the “active area” defi-
nition for the area of the jet. The active area of a jet is
calculated by adding a uniform background of arbitrar-
ily soft ‘ghost’ particles to the event (so that each ghost
represents a fixed area) and then counting the number of
ghosts clustered into the given jet. The area of a jet is
often used to provide a quantitative understanding of the
largely uncorrelated contributions to a jet from the un-
derlying event and pile-up. However, it is rarely used in
phenomenology for the purpose of discovering new parti-
cles or tagging jets. We use ‘subjet area’ as a measure of
the ‘cleanliness’ of the jet. We show that it can be a use-
ful tool for distinguishing a single photon or a photon-jet
from noisier QCD-jets. We define the subjet area fraction
as

�J =
1

AJ

X

i2Nhard

Ai , (9)

where Ai is the area of the i-th subjet and AJ is the area
of the entire jet. Note that this definition of �J is only
useful when the subjets are constructed geometrically by
merging the nearest neighbors first (i.e., using the C/A
algorithm). In Fig. 8, we show the probability distri-
bution for jets as a function of �J for QCD-jets, single
photons, and photon-jets. As expected, the figure shows
that single photons (the green curve) are significantly
cleaner (exhibit smaller �J values) than QCD-jets (the
red curve) and that photon-jets (the blue curves) tend to
lie in between. Fixing m1 such that the first splitting is
fairly wide, we can investigate the e↵ects of m2. If m2 is
small, then the two photons coming from the n2 decays
will be very close together, and the subjet that contains
them will not collect many ghosts. On the other hand,
a large m2 will split the two photons further apart and,
if still contained in the same subjet, that subjet will col-
lect substantially more ghosts resulting in a subjet with a
larger active area. QCD-jets contain many soft particles
and so the subjets in QCD jets have larger areas. Thus
we see that the QCD distribution peaks for �j near 0.5,
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EL (EJ � EL) /E2
J . In fact, the sharp peak for single

photons in Fig. 5 at �1.2 (kT algorithm) corresponds
to the sharp peak at about 0.04 in Fig. 6. More gen-
erally the qualitative features in Fig. 5 are repeated in
Fig. 6. For C/A subjets the distributions for all of the
photon-jet study points exhibit two peaks, the large ✏J
value enhancement presumably corresponding to the en-
ergy being shared approximately equally among several
final photons, while the small value enhancement arises
from the case when one photon dominates (perhaps be-
cause some of the photons are not in the jet). For kT
subjets only the PJSP 1 and PJSP 3 distributions ex-
hibit the small ✏J single photon-like enhancement. We
also see that again the two algorithms yield distinctly
di↵erent distributions for QCD-jets.

4. Subjet Spread, ⇢J

We define “subjet spread” as a measure of the geomet-
ric distribution of the subjets.

⇢J =
1

R

X

(i>j)2Nhard

�Ri,j , (8)

where �Ri,j is the angular distance between the i-th and
j-th (hard) subjets, and R is the size parameter of the
jet algorithm.
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FIG. 7. Probability distribution for subjet-spread ⇢J from
Eq.(8). As in Fig. 4 the solid red is for QCD-jets, the solid
green for single photons, dotted blue for PJSP1, dash-dotted
blue for PJSP 3, dashed blue for PJSP 4 and solid blue for
PJSP 8. The left (right) figure shows the distribution when
⇢J is calculated using C/A (kT ) subjets.

The left (right) panel of Fig. 7 shows the probability
distribution of jets as a function of ⇢J for QCD-jets, sin-
gle photons and photon-jets when the C/A (kT ) subjets
are used to evaluate Eq.(8). For this variable only the
QCD-jet distribution changes dramatically when chang-
ing the choice of subjet algorithm from C/A to kT . By
using both algorithms this feature will provide some abil-
ity to discriminate between QCD-jets and single photons
or photon-jets. For the single photon case the the strong
peak at small ⇢J confirms that all of the subjets are close
to each other, forming a hard core. Subjet spread is quite
sensitive to the mass m1 as can be seen from the di↵er-
ent photon-jet distributions. In particular, the position

of the peaks for photon-jets with di↵erent m1 simply fol-
low the m1 value. The PJSP 3 and PJSP 8 distributions
are nearly the same (with the same m1 value), while the
PJSP 1 and PJSP 4 distributions are just similar (with
somewhat di↵erent m1 values), but distinct from PJSP3
and PJSP 8. The m1 dependence is not surprising since
the opening angle between the decay products of the n1

particle depends on m1. Finally we note that the PJSP3
and PJSP 8 distributions do have an enhancement at
small ⇢J values presumably corresponding to configura-
tions where the extra photons are not captured in the
jet.

5. Subjet Area of the Jet

As defined in Ref. [51], the “area” associated with a
jet is an unambiguous concept that represents quantita-
tively the amount of surface in the (⌘-�) plane included
in a jet. In this analysis, we use the “active area” defi-
nition for the area of the jet. The active area of a jet is
calculated by adding a uniform background of arbitrar-
ily soft ‘ghost’ particles to the event (so that each ghost
represents a fixed area) and then counting the number of
ghosts clustered into the given jet. The area of a jet is
often used to provide a quantitative understanding of the
largely uncorrelated contributions to a jet from the un-
derlying event and pile-up. However, it is rarely used in
phenomenology for the purpose of discovering new parti-
cles or tagging jets. We use ‘subjet area’ as a measure of
the ‘cleanliness’ of the jet. We show that it can be a use-
ful tool for distinguishing a single photon or a photon-jet
from noisier QCD-jets. We define the subjet area fraction
as

�J =
1

AJ

X

i2Nhard

Ai , (9)

where Ai is the area of the i-th subjet and AJ is the area
of the entire jet. Note that this definition of �J is only
useful when the subjets are constructed geometrically by
merging the nearest neighbors first (i.e., using the C/A
algorithm). In Fig. 8, we show the probability distri-
bution for jets as a function of �J for QCD-jets, single
photons, and photon-jets. As expected, the figure shows
that single photons (the green curve) are significantly
cleaner (exhibit smaller �J values) than QCD-jets (the
red curve) and that photon-jets (the blue curves) tend to
lie in between. Fixing m1 such that the first splitting is
fairly wide, we can investigate the e↵ects of m2. If m2 is
small, then the two photons coming from the n2 decays
will be very close together, and the subjet that contains
them will not collect many ghosts. On the other hand,
a large m2 will split the two photons further apart and,
if still contained in the same subjet, that subjet will col-
lect substantially more ghosts resulting in a subjet with a
larger active area. QCD-jets contain many soft particles
and so the subjets in QCD jets have larger areas. Thus
we see that the QCD distribution peaks for �j near 0.5,
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EL (EJ � EL) /E2
J . In fact, the sharp peak for single

photons in Fig. 5 at �1.2 (kT algorithm) corresponds
to the sharp peak at about 0.04 in Fig. 6. More gen-
erally the qualitative features in Fig. 5 are repeated in
Fig. 6. For C/A subjets the distributions for all of the
photon-jet study points exhibit two peaks, the large ✏J
value enhancement presumably corresponding to the en-
ergy being shared approximately equally among several
final photons, while the small value enhancement arises
from the case when one photon dominates (perhaps be-
cause some of the photons are not in the jet). For kT
subjets only the PJSP 1 and PJSP 3 distributions ex-
hibit the small ✏J single photon-like enhancement. We
also see that again the two algorithms yield distinctly
di↵erent distributions for QCD-jets.

4. Subjet Spread, ⇢J

We define “subjet spread” as a measure of the geomet-
ric distribution of the subjets.

⇢J =
1

R

X

(i>j)2Nhard

�Ri,j , (8)

where �Ri,j is the angular distance between the i-th and
j-th (hard) subjets, and R is the size parameter of the
jet algorithm.
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FIG. 7. Probability distribution for subjet-spread ⇢J from
Eq.(8). As in Fig. 4 the solid red is for QCD-jets, the solid
green for single photons, dotted blue for PJSP1, dash-dotted
blue for PJSP 3, dashed blue for PJSP 4 and solid blue for
PJSP 8. The left (right) figure shows the distribution when
⇢J is calculated using C/A (kT ) subjets.

The left (right) panel of Fig. 7 shows the probability
distribution of jets as a function of ⇢J for QCD-jets, sin-
gle photons and photon-jets when the C/A (kT ) subjets
are used to evaluate Eq.(8). For this variable only the
QCD-jet distribution changes dramatically when chang-
ing the choice of subjet algorithm from C/A to kT . By
using both algorithms this feature will provide some abil-
ity to discriminate between QCD-jets and single photons
or photon-jets. For the single photon case the the strong
peak at small ⇢J confirms that all of the subjets are close
to each other, forming a hard core. Subjet spread is quite
sensitive to the mass m1 as can be seen from the di↵er-
ent photon-jet distributions. In particular, the position

of the peaks for photon-jets with di↵erent m1 simply fol-
low the m1 value. The PJSP 3 and PJSP 8 distributions
are nearly the same (with the same m1 value), while the
PJSP 1 and PJSP 4 distributions are just similar (with
somewhat di↵erent m1 values), but distinct from PJSP3
and PJSP 8. The m1 dependence is not surprising since
the opening angle between the decay products of the n1

particle depends on m1. Finally we note that the PJSP3
and PJSP 8 distributions do have an enhancement at
small ⇢J values presumably corresponding to configura-
tions where the extra photons are not captured in the
jet.

5. Subjet Area of the Jet

As defined in Ref. [51], the “area” associated with a
jet is an unambiguous concept that represents quantita-
tively the amount of surface in the (⌘-�) plane included
in a jet. In this analysis, we use the “active area” defi-
nition for the area of the jet. The active area of a jet is
calculated by adding a uniform background of arbitrar-
ily soft ‘ghost’ particles to the event (so that each ghost
represents a fixed area) and then counting the number of
ghosts clustered into the given jet. The area of a jet is
often used to provide a quantitative understanding of the
largely uncorrelated contributions to a jet from the un-
derlying event and pile-up. However, it is rarely used in
phenomenology for the purpose of discovering new parti-
cles or tagging jets. We use ‘subjet area’ as a measure of
the ‘cleanliness’ of the jet. We show that it can be a use-
ful tool for distinguishing a single photon or a photon-jet
from noisier QCD-jets. We define the subjet area fraction
as

�J =
1

AJ

X

i2Nhard

Ai , (9)

where Ai is the area of the i-th subjet and AJ is the area
of the entire jet. Note that this definition of �J is only
useful when the subjets are constructed geometrically by
merging the nearest neighbors first (i.e., using the C/A
algorithm). In Fig. 8, we show the probability distri-
bution for jets as a function of �J for QCD-jets, single
photons, and photon-jets. As expected, the figure shows
that single photons (the green curve) are significantly
cleaner (exhibit smaller �J values) than QCD-jets (the
red curve) and that photon-jets (the blue curves) tend to
lie in between. Fixing m1 such that the first splitting is
fairly wide, we can investigate the e↵ects of m2. If m2 is
small, then the two photons coming from the n2 decays
will be very close together, and the subjet that contains
them will not collect many ghosts. On the other hand,
a large m2 will split the two photons further apart and,
if still contained in the same subjet, that subjet will col-
lect substantially more ghosts resulting in a subjet with a
larger active area. QCD-jets contain many soft particles
and so the subjets in QCD jets have larger areas. Thus
we see that the QCD distribution peaks for �j near 0.5,
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J . In fact, the sharp peak for single

photons in Fig. 5 at �1.2 (kT algorithm) corresponds
to the sharp peak at about 0.04 in Fig. 6. More gen-
erally the qualitative features in Fig. 5 are repeated in
Fig. 6. For C/A subjets the distributions for all of the
photon-jet study points exhibit two peaks, the large ✏J
value enhancement presumably corresponding to the en-
ergy being shared approximately equally among several
final photons, while the small value enhancement arises
from the case when one photon dominates (perhaps be-
cause some of the photons are not in the jet). For kT
subjets only the PJSP 1 and PJSP 3 distributions ex-
hibit the small ✏J single photon-like enhancement. We
also see that again the two algorithms yield distinctly
di↵erent distributions for QCD-jets.

4. Subjet Spread, ⇢J

We define “subjet spread” as a measure of the geomet-
ric distribution of the subjets.

⇢J =
1

R

X

(i>j)2Nhard

�Ri,j , (8)

where �Ri,j is the angular distance between the i-th and
j-th (hard) subjets, and R is the size parameter of the
jet algorithm.
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FIG. 7. Probability distribution for subjet-spread ⇢J from
Eq.(8). As in Fig. 4 the solid red is for QCD-jets, the solid
green for single photons, dotted blue for PJSP1, dash-dotted
blue for PJSP 3, dashed blue for PJSP 4 and solid blue for
PJSP 8. The left (right) figure shows the distribution when
⇢J is calculated using C/A (kT ) subjets.

The left (right) panel of Fig. 7 shows the probability
distribution of jets as a function of ⇢J for QCD-jets, sin-
gle photons and photon-jets when the C/A (kT ) subjets
are used to evaluate Eq.(8). For this variable only the
QCD-jet distribution changes dramatically when chang-
ing the choice of subjet algorithm from C/A to kT . By
using both algorithms this feature will provide some abil-
ity to discriminate between QCD-jets and single photons
or photon-jets. For the single photon case the the strong
peak at small ⇢J confirms that all of the subjets are close
to each other, forming a hard core. Subjet spread is quite
sensitive to the mass m1 as can be seen from the di↵er-
ent photon-jet distributions. In particular, the position

of the peaks for photon-jets with di↵erent m1 simply fol-
low the m1 value. The PJSP 3 and PJSP 8 distributions
are nearly the same (with the same m1 value), while the
PJSP 1 and PJSP 4 distributions are just similar (with
somewhat di↵erent m1 values), but distinct from PJSP3
and PJSP 8. The m1 dependence is not surprising since
the opening angle between the decay products of the n1

particle depends on m1. Finally we note that the PJSP3
and PJSP 8 distributions do have an enhancement at
small ⇢J values presumably corresponding to configura-
tions where the extra photons are not captured in the
jet.

5. Subjet Area of the Jet

As defined in Ref. [51], the “area” associated with a
jet is an unambiguous concept that represents quantita-
tively the amount of surface in the (⌘-�) plane included
in a jet. In this analysis, we use the “active area” defi-
nition for the area of the jet. The active area of a jet is
calculated by adding a uniform background of arbitrar-
ily soft ‘ghost’ particles to the event (so that each ghost
represents a fixed area) and then counting the number of
ghosts clustered into the given jet. The area of a jet is
often used to provide a quantitative understanding of the
largely uncorrelated contributions to a jet from the un-
derlying event and pile-up. However, it is rarely used in
phenomenology for the purpose of discovering new parti-
cles or tagging jets. We use ‘subjet area’ as a measure of
the ‘cleanliness’ of the jet. We show that it can be a use-
ful tool for distinguishing a single photon or a photon-jet
from noisier QCD-jets. We define the subjet area fraction
as

�J =
1

AJ

X

i2Nhard

Ai , (9)

where Ai is the area of the i-th subjet and AJ is the area
of the entire jet. Note that this definition of �J is only
useful when the subjets are constructed geometrically by
merging the nearest neighbors first (i.e., using the C/A
algorithm). In Fig. 8, we show the probability distri-
bution for jets as a function of �J for QCD-jets, single
photons, and photon-jets. As expected, the figure shows
that single photons (the green curve) are significantly
cleaner (exhibit smaller �J values) than QCD-jets (the
red curve) and that photon-jets (the blue curves) tend to
lie in between. Fixing m1 such that the first splitting is
fairly wide, we can investigate the e↵ects of m2. If m2 is
small, then the two photons coming from the n2 decays
will be very close together, and the subjet that contains
them will not collect many ghosts. On the other hand,
a large m2 will split the two photons further apart and,
if still contained in the same subjet, that subjet will col-
lect substantially more ghosts resulting in a subjet with a
larger active area. QCD-jets contain many soft particles
and so the subjets in QCD jets have larger areas. Thus
we see that the QCD distribution peaks for �j near 0.5,
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directly we find that it is more instructive to define the
variable

�J = log
⇣

1� pTL

pTJ

⌘

. (5)

The advantage of using the definition in Eq.(5) is that it
focuses on the behavior near pTL ⇠ pTJ .

The discussion above depends crucially on how the
subjets are constructed, especially for QCD-jets. QCD
partons typically shower into many soft partons/hadrons.
After showering and hadronization, single hard partons
yield many soft hadrons distributed throughout the jet.
The way in which these jets are clustered into subjets
dictates the pT distribution of subjets. For example,
for anti-kT subjets, the hardest subjet will always have
pTL ' pTJ . The kT algorithm, on the other hand, clus-
ters the softer elements first and results in more evenly
distributed subjets. The C/A jet algorithm clusters tak-
ing into consideration only the geometric separations of
the elements, and produces qualitatively di↵erent results.
Single photons, on the other hand, shower very little (no
QCD Shower) and deposit energy in only a handful of
cells (per hard photon). Therefore we expect that our
results for single photons or photon-jets will be less sen-
sitive to the details of the clustering algorithm. To versify
this point we use both kT and C/A subjets to evaluate
�J from Eq.(5). The simultaneous use of di↵erent clus-
tering algorithms to extract information from the same
jet should not come as a surprise. As shown in Ref. [50],
substantial further information can be extracted if one
employs a broad sampling out of all of the physically
sensible clustering histories (trees) for a given jet. In
this sense the current analysis is modest in that we only
use two specific clustering procedures.
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FIG. 5. Probability distribution for �J from Eq.(5). As in
Fig. 4 the solid red is for QCD-jets, the solid green for single
photons, dotted blue for PJSP1, dash-dotted blue for PJSP3,
dashed blue for PJSP 4 and solid blue for PJSP 8. The left
(right) figure shows the distribution when � is calculated using
C/A (kT ) subjets.

In Fig. 5 we plot the probability distribution of jets
as a function of �J for QCD-jets, single photons, and
photon-jets. The left (right) panel shows the distribu-
tion when we use the C/A (kT ) algorithm to find the
subjets. Note how the distribution for QCD-jets (the red
curve) moves more to the right (i.e., the pT of the jet
gets more evenly distributed among its subjets) as we go
from C/A subjets to kT subjets. The various photon-jet

study points also look more similar when using the kT
algorithm. In this case the PJSP 1 and PJSP 3 distri-
butions exhibit enhancements suggesting the presence of
both single photon-like behavior (�J ⇠ �1.2) and QCD-
like behavior (�J ⇠ �0.2 to �0.3). The more complex
structure of the PJSP 4 and PJSP 8 jets exhibit a distri-
bution closer to QCD alone. Finally note that the C/A
subjets display the jet substructure information di↵er-
ently from the kT case with the peak in the QCD-jet
distribution at least somewhat separated from the peaks
in the photon-jet distributions. Also for C/A all of the
photon-jet scenarios exhibit at least a little single photon-
like enhancement (for kT this is only true for PJSP 1
and PJSP 3). There is clearly some discrimination to be
gained from using more than one definition of the subjets.

3. Energy-Energy Correlation, ✏J

Another useful variable is the “energy-energy correla-
tion”. We define it as:

✏J =
1

E2
J

X

(i>j)2Nhard

EiEj , (6)

where EJ is the total energy of a given jet, and the indices
i, j run over the (3 hardest) subjets of the jet. From the
definition, it should be clear that ✏J is sensitive to the
energy of the subleading jets. In particular, the energy-
energy correlation can be expressed as

✏J = EL(ENL+ENNL)+ENLENNL

E2
J

⇡ EL(EJ�EL)+ENLENNL

E2
J

, (7)

where EL, ENL, and ENNL are the energies of the leading
subjet, the next-to-leading subjet, and the next-to-next-
to-leading subjet.
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FIG. 6. Probability distribution versus ✏J from Eq.(6). As
in Fig. 4 the solid red is for QCD-jets, the solid green for
single photons, dotted blue for PJSP 1, dash-dotted blue for
PJSP3, dashed blue for PJSP4 and solid blue for PJSP8. The
left (right) figure shows the distribution when ✏J is evaluated
using C/A (kT ) subjets.

We show the probability distribution of jets as a func-
tion of ✏J for QCD-jets, single photons and photon-
jets in Fig. 6. Note that for single photons (the green
curve), ENL and ENNL are negligible and hence we ex-
pect ✏J for single photons to be well approximated by
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FIG. 4. Probability distributions vesus various N -subjettiness variables. The solid red and green curves show, as usual, the
distributions for QCD-jets and single photons respectively. Various blue curves are for photon-jets from di↵erent study points.
The solid, dashed, dotted and dash-dotted curves in all these figures are for PJSP 8, PJSP 4, PJSP 1 and PJSP 3 respectively.

In the context of single photons, photon-jets and QCD-
jets, we use N -subjettiness in two di↵erent ways. The
first application is to use the ratios ⌧N+1/⌧N in the
same way N -subjettiness is used to tag boosted mas-
sive particles such as a W boson or a hadronic decaying
top [47, 48]. In particular, for a jet with N0 distinct
lobes of energy, ⌧N0 is expected to be much smaller than
⌧N0�1 (of course, we are assuming N0 > 1), whereas for
N > N0, ⌧N+1 is expected to be comparable to ⌧N . Thus
a two photon photon-jet is expected to be characterized
by ⌧2/⌧1 ⌧ 1. On the other hand, one lobed QCD-jets
and single photons should exhibit comparable values for
⌧2 and ⌧1, and consequently ⌧2/⌧1 ⇠ 1.

The second way in which we use N -subjettiness con-
sists of using the magnitude of ⌧1 itself. Even for a jet
with one lobe of energy the exact magnitude of ⌧1 rep-
resents a measure of how widely the energy is spread. A
pencil-like energy profile, like that of a single photon or a
narrow photon-jet, should yield a much smaller ⌧1 com-
pared to QCD-jets with a much broader profile. In fact,
⌧1 is an indicator of jet mass, and, for jets with identical
energy, ⌧1 is proportional to the square of the jet mass.

Figure 4 shows the probability distributions versus
log ⌧1 and ⌧N+1/⌧N for N = 1, 2, 3 corresponding to
single photons, QCD-jets and photon-jets from di↵erent
study points. Note that for photon-jets, the jet mass is
almost always given by the mass parameter m1 in Ta-
ble I. Thus for PJSP 8 and PJSP 3, where m1 has the
same value, the probability distributions versus log ⌧1 are
almost identical. For study points PJSP 8, PJSP 4 and
PJSP1 the peak in log ⌧1 shifts to the left as the value of
m1 decreases (from 10 GeV to 2 GeV to 0.5 GeV). Note
also that the PJSP 1 and PJSP 3 distributions exhibit
a small ⌧1 (small mass) enhancement at essentially the
same ⌧1 value as the primary peak in the single photon
(green curve) distribution. This presumably corresponds
to those kinematic configurations where only one of the
(two) photons from the n1 decay is included in the jet.
Thus we expect that a (small) fraction of the time these
scenarios will look very single photon-like.

Clearly the ratio ⌧2/⌧1 gives significant separation for
the di↵erent photons-jet scenarios. The study points
PJSP 8 and PJSP 3 are now separated, although both
exhibit peaks at small values of the ratio. This suggests

an intrinsic 2-lobe structure corresponding to 2 photons
for PJSP 3 and 4 photons in two relatively tight pairs
(m2 ⌧ m1) for PJSP 8. PJSP 4 with presumably a
more distinctive 4 photon structure exhibits a broader
peak at a larger value of ⌧2/⌧1. Single photons and
PJSP 1 exhibit even broader distributions presumably
corresponding to an intrinsically 1-lobe structure. The
QCD-jet distribution is also broad but with an enhance-
ment around ⌧2/⌧1 = 0.8, presumably arising from a typ-
ical 1-lobe structure but some contribution from showers
with more structure and from the underlying event. The
ratios ⌧3/⌧2 or ⌧4/⌧3 seem to be less e↵ective in discrim-
inating photon-jets from single photons and QCD-jets.
This can be understood by noting that quite often the
hard photons inside a photon-jet become collinear at the
scale of the size of the cell. So even for photon-jets with
4 hard photons, we rarely find jets with 4 distinct cen-
ters of energy. In general we expect the ratio ⌧N+1/⌧N
becomes less and less useful with increasing N .
Note that the distributions for single photons and

photon-like photon-jets tend to exhibit a double peak
structure in ⌧3/⌧2 or ⌧4/⌧3. We believe that this feature
arises from both the contributions due to the underly-
ing event and due to our implementation of transverse
smearing in the ECal (see Appendix A3).

2. Transverse momentum of the Leading Subjet

Now we proceed to discuss the second class of subjet
variables constructed from the 3 hardest subjets out of
the 5 exclusive subjets. As the first such variable consider
the fraction of the jet transverse momentum carried by
the leading subjet, which provides significant information
about the jet itself. In particular, it indicates the fraction
of the jet’s total pT carried by the leading subjet only.
Since photon-jets result from the decay of massive parti-
cles into hard and often widely separated photons inside
the jet, the subjets are usually of comparable hardness.
The leading subjet for single photons and for QCD-jets,
on the other hand, typically carry nearly the entire pT of
the jet. So for the majority of these jets, the pT of the
leading subjet (label it pTL) is of the order of the pT of
the entire jet (pTJ ). Instead of using the ratio pTL/pTJ
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of tracks per jet (⌫J) for QCD-jets (red), single photons
(green) and photon-jets (blue). As expected, the number
of tracks associated with QCD-jets varies over a broad
range and only a tiny fraction of QCD-jets have no as-
sociated tracks. The single photon/photon-jet samples,
on the other hand, are dominated by jets with no asso-
ciated tracks. Photons that convert yield tracks associ-
ated with the corresponding jets. Since the probability
of conversion increases with the number of photons per
jet, the probability of obtaining one of more associated
tracks increases from single photon jets (single photons)
to jets with two photons (typical for PJSP 1, the dotted
blue curve) to jets with four photons (typical for PJSP8,
the solid blue curve). As with the variable ✓J , ⌫J o↵ers
some separation between QCD-jets and single photons,
but much less between single photons and photon-jets
(and even less between the di↵erent types of photon-jets).

B. Jet Substructure

Next we want to focus on variables that explicitly char-
acterize the internal structure of jets, i.e., characterize
the energetic subjet components of the jet. Recall that in
this analysis we have identified jets using the the anti-kT
jet algorithm with R = 0.4, but we do not expect the
general features of our analysis to depend on this spe-
cific choice. The next step is to determine a ‘recombina-
tion tree’ for the jets we want to study (here the leading
jet in each event). To this end we apply the kT algo-
rithm [42, 43] to the calorimeter cells identified as con-
stituents of the jet in the first step. (We could as well
use the Cambridge/Aachen (C/A) algorithm [44–46], but
not the anti-kT algorithm in this step as anti-kT does
not tend to produce a physically relevant recombination
tree.) This recombination tree specifies the subjets at
each level of recombination N from N = 1 (the full jet)
to N = the number of constituent calorimeter cells in the
jet (no recombination). At the next step the subjet vari-
ables we study fall into two classes. In the first class we
attempt to count the e↵ective number of relevant sub-
jets without using any properties of the subjets in the
tree except their directions in ⌘-�. In this case the useful
variable (defined in detail below) is calledN -subjettiness.
The N -subjettiness variable for a given jet becomes nu-
merically small when the parameter N is large enough to
describe all of the relevant substructure, i.e., this value of
N provides a measure of the number of subjets without
explicitly identifying the subjets. N -subjettiness involves
all components of the original jet for all values of N .

The rest of the substructure variables we study more
explicitly resolve a jet into a set of subjets. We de-
fine both the level in the recombination tree at which
we choose to work, i.e., the number of subjets we have
split the jet into and how many of these subjets to use
in the subsequent analysis. We use Npre-filter (this no-
tation should become clear shortly) and Nhard to label
these two parameters. Thus we start with the 4-vectors

corresponding to the (calorimeter cell) constituents of a
given jet, and then (re)cluster these constituents using
the chosen subjet algorithm (which is not necessarily the
algorithm used to originally identify the jet) in exclusive

mode, i.e. we continue (re)clustering until there are pre-
cisely Npre-filter 4-vectors left – the Npre-filter exclusive
subjets. Out of these Npre-filter subjets we pick the Nhard

largest pT subjets and discard the rest. All the substruc-
ture variables discussed below (except N -subjettiness)
are constructed using these Nhard subjets. Note that by
choosing Npre-filter > Nhard, we have performed a version
of jet ‘grooming’ typically labeled filtering [10, 13, 14].
This will ensure that our results are relatively insensitive
to the e↵ects of the underlying event and pile-up. Ideally,
the integers (Nhard, Npre-filter) should be chosen based on
the topology of the object we are looking for. However,
the naive topology will be influenced by the interaction
with the detector and the details of the jet clustering al-
gorithm. For example, a 4 photon photon-jet will often
appear in the detector to have fewer than 4 distinct lobes
of energy, i.e., one or more photons often merge inside a
single lobe of energy. In our simulation, we find that the
choice Nhard = 3 and Npre-filter = 5 is an acceptable com-
promise, working reasonably well for single photons and
photon-jets from all the study points. Further optimiza-
tion will be possible in the context of real detectors and
searches for specific photon-jet scenarios.

1. N-Subjettiness, ⌧N

“N -subjettiness”, introduced in Ref. [47, 48], is a mod-
ified version of “N -jettiness” from Ref. [49]. It is adapted
in a way such that it becomes a property of a jet rather
than of an event. N -subjettiness provides a simple way
to e↵ectively count the number of subjets inside a given
jet. It captures whether the energy flow inside a jet de-
viates from the one-lobe configuration expected to char-
acterize a typical QCD-jet. We use the definition of N -
subjettiness proposed in Ref. [47]. The starting point
is a jet, the full set of 4-vectors corresponding to the
(calorimeter cell) constituents of the jet (here found with
the anti-kT algorithm for R = 0.4), and the recombina-
tion tree found with the kT algorithm as outlined above.
From this tree we know the 4-vectors describing the ex-
clusive subjets for any level N , i.e., the level where there
are exactly N subjets. With this information we can
define N -subjettiness to be

⌧N =

P

k pTk ⇥min
�

�R1,k,�R2,k, · · · ,�RN,k

 

P

k pTk ⇥R
, (4)

where k runs over all the (calorimeter cell) constituents
of the jet, pTk is the transverse momentum for the k-th
constituent, �Rl,k =

p

(�⌘l,k)2 + (��l,k)2 is the angu-
lar distance between the l-th subjet (at the level when
there are N subjets) and the k-th constituent of the jet,
and R is the characteristic jet radius used in the original
jet clustering algorithm.
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QJets
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QJets
As in a sequential recombination algorithm, assign every pair of four-vectors a 
distance measure dij.

However, unlike a normal sequential algorithm (where the pair 
with the smallest measure is clustered), here a given pair is 
randomly selected for merging with probability

Repeat many (~100-1000) times, till the distribution (of the observable) 
stabilizes.

�ij =
1

N
exp

✓
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QJets Ellis, Hornig, Krohn, TSR, Schwartz
1201.1914

Take a sample jet

cluster it many times using QJets clustering algorithm 

prune it every time it is being clustered

QJet pruned jetmass
distribution for a single jet 

volatility of a jet 

ωp = width of jetmass distribution
mp = averaged pruned jetmass
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QJets Ellis, Hornig, Krohn, TSR, Schwartz
1201.1914

Take a sample jet

cluster it many times using QJets clustering algorithm 

prune it every time it is being clustered

QJet pruned jetmass
distribution for a single jet 

volatility of a jet 

ωp = width of jetmass distribution
mp = averaged pruned jetmass

V =
�p

mp
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Outlook
Progress we’ve made, theoretical and experimental, was

not imaginable a few years ago, when the discussion about
jets used to be confined to “cone” v. “kt”

Today we have basic subjet tools + many advances
(shapes, Qjets, deconstruction, BDT taggers, . . . )

Successful adoption by the experiments!

Job for theorists now:
Really understand the taggers?

Understand intermediate pt regions?
More searches?
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Radial Moment – a measure of the “girth” of the jet

Weight pT deposits by distance from jet center

Radial Moment, or Girth : g =
1

pjetT

∑

i∈jet
piT |ri|
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Better reconstruction of the jet shape

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

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