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performance and applications of jet substructure in SUSY searches at the LHC, nhan tran

jet substructure

•Jet substructure tools are developing quickly and being rapidly 
integrated into experimental methods

•Insofar as jets are involved in your final state, you should care 
about the available advanced jet tools

•Substructure studies test QCD and used in many physics searches 
from exotics to Higgs searches and supersymmetry

•Jet substructure tools are moving past traditional “boosted” 
applications 

•Today: focus on tools relevant for SUSY now and in the future
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jet substructure and SUSY

•Outline:
•1-prong decays

•quark, gluon and pileup jets

•2-prong decays
•W,H and stops → qq

•3-prong decays
•tops and RPV gluinos → qqq

•4 (or more)-prong decays
•high jet multiplicity final states
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1-prong decays
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1-prong decay applications
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•High jet multiplicity searches are a key part of the SUSY search 
program

•how to keep jet thresholds lower?
•jets stochastically form from pileup interactinos

•how to isolate the final states of interest?  
•jets originating from gluons are a large background to typically all 
quark-jet final states

•Quark/gluon/pileup jet identification is very important for improving 
sensitivity and exploiting ISR topologies

•quark/gluon discrimination is hard, but considered over N jets, 
discrimination power can be improved

•Techniques can also be applied for forward jets, e.g. in VBF 
topologies
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classifying 1-prong jets

6

The low pT regime consists of 
quark, gluon, and pileup jets.

Using all possible information, can 
do a better job discriminating them:
track-based observables, 
multiplicities, shapes

tracking multiplicity

β
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4.1 Input Variables 7

A cut-based pileup jet id, consisting in a simple jet selection based on the two most discrimi-212

nating variables, has also been studied. It is used, for example, in [34].213

An additional different pileup jet id MVA discriminator has been developed for the construction214

of a pileup insensitive missing transverse energy (missing ET), known as the particle flow MVA215

missing ET [22]. This second MVA discriminator differs from the default Pileup Jet mva in that216

the jet kinematic variables pT, h and f are added to the BDT and one inclusive training (as217

opposed to four h bins) is performed. Plots concerning this specific training are not shown in218

the rest of this paper.219

4.1 Input Variables220

To determine the most discriminating variables against pileup jets a systematic scan of the Re-221

ceiver Operator Characteristic (ROC) of the MVA classifier over a set of approximately eighty222

variables was performed, first separating them into blocks of similar discrimination and then223

systematically removing variables until a minimal set retaining most of the discrimination224

power was determined.225

4.1.1 Track related variables226

The track related variables in the pileup jet id are constructed to explicitly target the PV the jet227

is coming from. Four track related variables are used in the computation of the pileup jet id:228

• b229

• b⇤
230

• dZ231

• nvertices232

Each variable explicitly targets a different set of vertexing parameters. All of them are closely233

related, however each one gives a small gain in performance when added on top.234

The variable b is defined as the sum of the pT of all PF charged candidates originating from the235

PV divided by the sum of the pT of all charged candidates in the jet:236

b =
Âi2PV pTi

Âi pTi
(4)

To be identified as coming from the PV, the charged PF candidate must have a |DZ| < 0.2 cm237

where DZ is the distance with respect to the PV along the z axis.238

The variable b⇤ is defined as the sum of the pT of all PF charged candidates associated to239

another PV divided by the sum of the pT of all charged candidates in the jet:240

b⇤ =
Âi2otherPV pTi

Âi pTi
(5)

b⇤ is found to be the most discriminating tracking based variable in the pileup jet id algorithm.241

b⇤ and b are decorrelated due to the tracks that are not matched to any vertex.242

The variable dZ is defined as the distance along the z axis between the primary vertex the243

highest pT charged candidate in the jet.244

Finally, the number of vertices is used in the training of the BDT. Addition of this variable in the245

BDT allows for varied choice of optimal discriminating variables as the pileup is increased. At246

(like JVF)
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classifying 1-prong jets
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4 5 Data validation

Fragmentation function

Quarks have a harder fragmentation function compared to gluons and are therefore more likely
to produce jets with hard constituents that carry a significant fraction of the jet energy. This can
be expressed with the pTD variable, defined as:

pTD =

q
Âi p2

T,i

Âi pT,i
(6)

where the sum runs over the jet constituents. From its definition, it stems that pTD ! 1 for jets
made of only one particle that carries all of its momentum, and pTD ! 0 for a jet made of an
infinite number of particles.

Additional variables have been studied, but not used in the tagger. These are the fractional
jet energy carried by its hardest constituent and the jet pull, defined as the vector sum of p2

T
weighted distances of each constituent with respect to the jet direction. They are detailed in
Appendix A.

4 Discriminator

Based on studies of single-variable discrimination power, a likelihood-product discriminator
is defined, built on the product of three variables: the total multiplicity, pTD and the s2. The
use of a likelihood discriminator ensures simplicity, transparency and robustness. The proba-
bility density functions (PDFs) on which the likelihood is based are built from jets in simulated
QCD dijet events, which have been successfully tagged as light-quark or gluon jets. The PDFs
are computed separately in two rapidity regions: a central region (|h| < 2) and a forward re-
gion (3 < |h| < 4.7). The PDFs obtained in the central region can be used for jets up to |h| = 2.5,
and jets with 2.5 < |h| < 4.7 can use the forward region PDFs.

In order to take into account the strong dependence of the means and shapes of the vari-
ables both on the jet pT and the amount of PU in the event, the PDFs are computed double-
differentially in bins of jet pT and r. The transverse momentum binning is logarithmically
spaced up to the TeV frontier, whereas the binning in r is linearly spaced in 1 GeV steps.

The likelihood product is built in such a way that it can be interpreted as the probability of
the jet to originate from a quark parton. Therefore it is expected to peak at unity for light-
quark jets and at zero for gluon jets. The expected shape of the likelihood discriminant out-
put for light-quarks (blue) and gluons (red) is shown in Fig. 1 (left) for jets with |h| < 2 and
40 < pT < 50 GeV.

The expected discriminator performance is shown in Fig. 1 (right), in terms of light-quark ef-
ficiency and gluon rejection. Three kinematical regions are shown: green squares for jets with
|h| < 2 and 40 < pT < 50 GeV, open brown markers for jets with |h| < 2 and 80 < pT < 100 GeV,
yellow solid markers for jets with 3 < |h| < 4.7 and 40 < pT < 50 GeV.

5 Data validation

A validation of the discriminator on 8 TeV collision data has been done by identifying two sam-
ples: Z+jets events, which are quark-enriched; and dijet events, which are gluon-enriched. By
the simultaneous use of these two control samples, the performance of the discriminator can be
verified on both parton flavors, and across the whole phase space. The following sections detail
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• Nneutrals264

• pD
T265

The first variable, which is found to be the most discriminating single radial variable, is defined266

as267

hDR2i =
Âi DR2

i p2
Ti

Âi p2
Ti

(6)

where the sum runs over all PF candidates inside the jet and DR =
p

Dh2 + Df2 is the distance268

of the PF candidate with respect to the jet axis. This variable is shown for two different h bins269

in Fig. 4. The variable for real jets peaks relatively close to zero, whereas for pileup jets it tends270

to correspond to a value of 0.05, which is slightly smaller than the expected value originating271

for a uniformly dense jet. The degradation in separation is clear as one extends out to higher272

h as a result of the coarse granularity in the forward calorimeters. In addition, as the pT of the273

jet becomes higher, the DR2 tends to get smaller for both pileup jets and non pileup jets. This274

trend in the current pileup jet id MVA yields an increase in the rate of both pileup jets and real275

jets at higher pT.276
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Figure 4: hDR2i for PF jets with pT > 25 GeV and |h| < 2.5 (left), and 3.0 < |h| < 5.0 (right).

Enhanced discrimination of pileup comes from adding the full jet shower shape information277

to the BDT. This is done through the five variables A < (DR) < A + 0.1 which consist in the278

fractional energy deposits in five annuli about the jet axis. They are defined as:279

A < (DR) < A + 0.1 =
1

pjet
T

Â
i2A<DR<A+0.1

pTi (7)

where A is in the 0.1 intervals from 0 to 0.5 about the jet cone axis. These five variables are280

shown in Fig. 5 for jets in the tracker volume. Comparing them a clear feature is observed:281

pileup jets contain a large fraction of their energy in the regions DR = 0.2 � 0.4 and not in the282

nearby regions about DR = 0. Gluon jets also have a similar characteristic trend, however they283

tend to be less diffuse than pileup jets.284

In addition to these variables, the class of radial variables was studied. They can generically be285

expressed as286

Wij =
1

Âi p2
T

Â
i

 
(Dfi)

2 p2
T (DhiDfi) p2

T
(DfiDh) p2

T (Dhi)
2 p2

T

!
(8)

A variety of jet shapes are used for 
discriminating quarks and gluons, 

primarily trying to highlight the higher 
color charge of the gluon w.r.t. the quark.
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Figure 3: Average ntrk and track width for light-quark (solid marker) and gluon-induced (open marker)
jets as a function of reconstructed jet pT for isolated jets with |η| < 0.8. Results are shown for distributions
obtained using the in situ extraction method in MC simulation (black circles), labeled jets in the dijet
sample (blue trianges) and labeled jets in the γ-jet sample (red squares). The error bars represent only
statistical uncertainties.
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Figure 4: Average ntrk and track width for light-quark (solid marker) and gluon-induced (open marker)
jets as a function of reconstructed jet pT for isolated jets with |η| < 0.8. Results are shown for distributions
obtained using the in-situ extraction method in data (black circles), labeled jets in the dijet sample (blue
trianges) and labeled jets in the γ-jet sample (red squares). The error bars represent only statistical
uncertainties.
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6 Study of variables for light-quark and gluon jet discrimination

The differences between light quarks and gluons lead to differences in observable final state jet properties
on average. Jets initiated by gluons are expected to be broader, with more low-pT particles than those ini-
tiated by light quarks. The jet width and number of tracks have already been used to measure the average
flavor fractions in different data samples [2], and they have been identified as powerful discriminators for
the purpose of understanding partonic flavor in previous studies [3].

The significant pile-up at the LHC in 2011 means that any measurement of jet properties may be
affected by particles from other interactions. Calorimetric properties are particularly sensitive to the
effects of pile-up. However, since charged particle tracks can be associated to a specific proton-proton
collision via vertex association, jet properties calculated from tracks associated to one primary vertex
are inherently less sensitive to pile-up. Thus, for this study, the properties used to distinguish different
classes of jets are the number of charged tracks associated to the jet and the jet width, W , defined as

W =
∑

pT,i × ∆Ri
∑

pT,i
, (3)

where the sum is over the tracks associated to the jet, pT,i is the pT of the track, and ∆Ri is the opening
angle in η–φ between the jet axis and the track.

Properties of jets based on tracks depend upon a good description of hadronization and fragmentation.
Although the phenomenological models used in various generators have been tuned to match measure-
ments of correlated properties (such as the fragmentation function and differential jet shapes) [16, 22],
the charged particle spectra within a jet remain difficult to describe. This is illustrated in Figure 2, where
the mean value of each property is shown as a function of pT for PythiaMC11, Pythia Perugia2011 and
Herwig++.
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Figure 2: Average ntrk and track width for light-quark-induced (closed markers) and gluon-induced
(empty markers) jets as a function of the reconstructed jet pT for isolated jets with |η| < 0.8. Results
are shown for Pythia MC11 (black circles), Pythia Perugia2011 (red triangles) and Herwig++ (blue
squares). The error bars represent only statistical uncertainties.

Differences are most significant for the charged particle multiplicity of gluon jets, for which Pythia
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Pileup jet ID puts 13 variables 
into a BDT discriminant

Quark/gluon discriminant puts 2 (4) 
variables into a likelihood for ATLAS (CMS)

performance and applications of jet substructure in SUSY searches at the LHC, nhan tran

pileup jet ID and q/g discrimination
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2-prong decays
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2-prong decay applications

•2-prong decays typically studied in the context of hadronic 
boosted W/Z/H 

•Discrimination via...
•Jet mass: grooming methods improve signal/background 
discrimination; extensively studied in ATLAS and CMS

•2-prong-like substructure information: many observables 
on the market exploiting subjet information and/or 
generalized jet shapes

•SUSY extension: RPV t →	  q + q
•see talk from Brock Tweedie, hep-ph:1309.6631
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grooming and jet mass
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•Grooming tends to push the jet mass scale of the background to lower 
values while preserving the hard scale of the heavy resonance

•Grooming techniques are also vital in reducing the pileup dependence of 
the jet mass

jets have better fractional mass resolution (⇠ 5 � 10%) than the pruned jets, especially for

those jets with grooming applied after the C/A algorithm. The trimmed jet mass resolu-

tion also remains fairly stable across a large pjet
T

range, with equivalent performance for

anti-k
t

and C/A jets.

5.1.3 Signal and background comparisons with and without grooming

Leading-pjet
T

jet distributions of mass, splitting scales and N -subjettiness are compared for

jets in simulated signal and background events in the range 600 GeV  pjet
T

< 800 GeV.

As seen in figures 29–31, showing distributions for the two-pronged decay case, and in

figures 32–35 showing comparisons for the three-pronged decay case, better discrimina-

tion between signal and background is obtained after grooming. In these figures, the

ungroomed distributions are normalized to unit area, while the groomed distributions have

the e�ciency with respect to the ungroomed large-R jets folded in for comparison. This

is especially conspicuous in the C/A jets with mass-drop filtering applied as mentioned

previously.
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Figure 29. Leading-pjet

T

jet mass for simulated HERWIG+JIMMY Z ! qq̄ signal events (red)
compared to POWHEG+PYTHIA dijet background events (black) for jets in the range 600 GeV 
pjet

T

< 800 GeV. The dotted lines show the ungroomed jet distributions, whereas the solid lines
show the (a) trimmed and (b) mass-drop filtered jet distributions. The trimming parameters are
f
cut

= 0.05 and R
sub

= 0.3 and the mass-drop filtering parameter is µ
frac

= 0.67. The groomed
distributions are normalized with respect to the ungroomed distributions, which are themselves
normalized to unity.

The mass resolution of the simulated Z ! qq̄ signal events shown in figure 29 dra-

matically improves after trimming or mass-drop filtering for anti-k
t

jets with R = 1.0 and

C/A jets with R = 1.2, respectively. Mass-drop filtering has an e�ciency of approximately

55% and therefore fewer jets remain in this figure. After trimming or mass-drop filtering,

the mass peak corresponding to the Z boson is clearly seen at the correct mass. Note that
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Figure 18. Evolution of the mean uncalibrated jet mass, hmjeti, for jets in the central region
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R = 1.0, and (e)-(f) show mass-drop filtered C/A jets with R = 1.2. The error bars indicate the
statistical uncertainty on the mean value in each bin.– 32 –
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W-tagging

12

•In addition to the groomed mass cuts, additional substructure information can 
be exploited to further reject QCD-jet backgrounds

•Qjets volatility and N-subjettiness τ2/τ1 are found to be most powerful 
single variables

•
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Semi-leptonic ttbar is proven to be a valuable 
sample for W- and top-tagging calibration
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other things you can do with subjets

13

15

Tagging Performance

Higgs channel

Top channel

QCD mistag rate 
reduced up to a 
factor 10 with 
minor loss of 
efficiency

Higgs-tagging
         =
double b-tagging
         +
75 <m

jet
< 135 GeV

double b-tagging Higgs tagging

tagging efficiency mistag rate

Using secondary vertex and single track 
information, algorithms developed to 
apply b-tagging to subjets

Applicable both for boosted tops and 
boosted Higgs searches

jjθ cos 
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 only, 1000 GeV LW  only, 1000 GeVTW

 + simulation  + simulation

 = 8 TeV, W+jetssCMS Simulation, 
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Subjet angular 
information can be 

exploited within a W jet

e.g., W polarization with 
subjet kinematics
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3-prong decays
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ATLAS CONF-2013-084
CMS PAS-JME-09-001

ATLAS JHEP 1212 (2012) 086
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3-prong decay applications
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•top-tagging algorithms
•methods are relatively mature, several options available which 
cover different parts of boosted top phase space

•as in 2-prong case, exploit jet mass scale and substructure
•algorithmic approaches: declustering with subjet kinematic 
requirements, energy profile templates, power single variable 
observables

•(sub)jet b-tagging also provides an additional handle
•descriptions of various methods in additional material

•SUSY extension: boosted RPV g →	  qq →	  qqq
•light gluinos can be produced with moderate boost 

~ ~
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HEP top tagger particularly good at  for 
moderately boosted tops (pT > 200 GeV)

Not pictured: CMS (and JHU) top tagger, useful 
particularly for larger boosts (pT > 400 GeV)

top-taggers performance highly optimized 
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RPV gluino search
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Figure 3. In the lower mass signal region (SR1), the distributions of (a) jet ⌧
32

for the two leading
jets in each event with mjet > 60 GeV and (b) jet mass (mJ1 and mJ2) for jets with ⌧

32

< 0.7 are
shown for the data, the signal mg̃ = 100 GeV, and the background MCs for comparison. In the
higher mass signal region (SR2), the same distributions of (c) ⌧

32

and (d) jet mass are shown, but
in this case for mg̃ = 300 GeV. In each case, the data are compared to the two MC models used to
estimate the correlation correction factor, ↵, for the background extrapolation.

setting for improving the mass resolution in the presence of pile-up [65, 81]. The remaining

constituents form the trimmed jet. The invariant mass of these large-R, trimmed jets is

then calculated from the energies and momenta of the constituents contained within the

jet after the trimming procedure.

Events containing pair produced boosted gluinos that decay into three collimated

quarks are characterised by the presence of two massive large-R jets that each contain sub-

– 12 –
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Figure 3. In the lower mass signal region (SR1), the distributions of (a) jet ⌧
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for the two leading
jets in each event with mjet > 60 GeV and (b) jet mass (mJ1 and mJ2) for jets with ⌧

32

< 0.7 are
shown for the data, the signal mg̃ = 100 GeV, and the background MCs for comparison. In the
higher mass signal region (SR2), the same distributions of (c) ⌧

32

and (d) jet mass are shown, but
in this case for mg̃ = 300 GeV. In each case, the data are compared to the two MC models used to
estimate the correlation correction factor, ↵, for the background extrapolation.

setting for improving the mass resolution in the presence of pile-up [65, 81]. The remaining

constituents form the trimmed jet. The invariant mass of these large-R, trimmed jets is

then calculated from the energies and momenta of the constituents contained within the

jet after the trimming procedure.

Events containing pair produced boosted gluinos that decay into three collimated

quarks are characterised by the presence of two massive large-R jets that each contain sub-

– 12 –

•Exotic resonance search: 
g	  →	  qq	  →	  qqq, pair produced RPV gluinos

For light gluinos, decaying quarks can be 
highly collimated, substructure 
techniques utilized
Complimentary to resolved jet analysis

AK10 jets with pT > 350 (or 200) GeV
N-subjettness, τ3/τ2, variable used to 
identify jets with 3 subjets

Require τ3/τ2 < 0.7

~ ~
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ATLAS JHEP 10 (2013) 130Jet Mass
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parton shower

hm2
j i / �sp

2
TR

2

Signal-like
e.g., g̃g̃ ! 12j

independent partons

hm2
j i / p2TR

2
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high jet multiplicity searches
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•Large-R jets in high jet multiplicity SUSY
•For more motivation, see talk from Sonia El Hedri
•hep-ph:1202.0558,1212.1456,1302.1870

•SUSY signatures targeting cascades to many jets
•Many overlapping and/or soft jets
•New physics comes from some high mass scale to be distinguished from 
leading QCD multijet backgrounds

•Use large-R jets to cluster the event and then compute:
•Sum jet mass, possibly after some grooming
•A way to count subjets, either through declustering/reclustering the large-
R jet or something like event N-subjettiness

•Two new event shape observables can be used within traditional 
searches: sum jet mass, MΣJ and Nsubjets

II. JET MASS AS AN OBSERVABLE

Jet masses have historically been di�cult observables
at hadron colliders because pile-up and underlying event
contribute to the jet mass as R3 or R4. However, using
jet-grooming techniques such as filtering [30], pruning [31],
or trimming [32], the underlying event and pile up
contributions can be removed. The resulting jet is
an accurate measurement of the underlying partonic
event [33, 34]. Of these three methods, filtering is the least
optimal for high multiplicity signals because it requires
a fixed number of subjets to be identified in advance,
whereas the signals studied in this article do not have a
definite number of subjets per jet.

The jet-grooming techniques listed above are designed
to look for boosted hadronic resonances appearing under
a continuum background. The kinematics considered in
this article typically result from particles decaying at
rest and hence, the reconstructed jets do not group the
underlying partons together in any manner that represents
the underlying decay kinematics. As a result, the jet
masses do not correspond to a parent particle’s mass.
While jet-grooming with a variable number of subjets
may be useful or beneficial, it is not as necessary and the
details are not as important. For the remaining portion
of the article, no jet-grooming is used, but it should be
understood that jet-grooming can be applied so long as
the algorithm allows the number of subjets per fat jet to
vary on a jet-by-jet basis. In addition, it may be possible
to combine Qjets with jet pruning to even better improve
sensitivity over background [35].

When a jet is formed via a parton shower, its mean
squared invariant mass is hm2

jii / ↵sp
2
T,iR

2, where ↵s

is the strong coupling constant, pT,i is the transverse
momentum of the jet, and R is its radius [36, 37]. When
a jet is formed from independent partons through multi-
body decays of heavy particles, however, the typical jet
mass is larger. In high-multiplicity signal events, there is
not enough solid angle for the partons to be well-separated
and therefore multiple partons are clustered together. As
a result, partons will lie close to each other and may be
clustered together into the same jet. For these jets, the
mean squared invariant mass is hm2

jii / p2
T,iR

2, where
one does not pay the factor of ↵s.

The visible energy in the event, HT , can be related to
the total jet mass MJ . In particular,

HT =
nJX

i=1

(p2
T,i + m2

ji)
1
2

/
nJX

i=1

q
hm2

ji
i((R)�2 + 1) ' MJ

p
1 + (R)2

R
,(2)

where  =
p

↵s for jets whose mass is generated by the
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FIG. 1: A plot of MJ versus HT after requiring Nj � 4 “fat”
jets with pT > 120GeV and pT > 50GeV on the leading and
sub-leading jets, respectively. QCD (orange) and top (green)
events are shown where the median value for a given HT is
shown in a solid line and the 68% and 95% inclusion bands
are shown in the dotted and dashed lines, respectively. The
higher values of MJ for top events arise from the top mass.
Signals with heavier parent particles than the top give even
larger MJ .

parton shower and 1 for jets whose mass arises from
multiple partons being grouped together. Eq. 2 is the
main reason why MJ is a more e↵ective discriminator than
HT for high-multiplicity signals. For high-multiplicity
signals, the jet masses do not usually result from parton
showering ( = 1), while for the QCD and V + jets
backgrounds (when V decays into missing energy) they
do ( =

p
↵s). For signal and background events with

similar HT , the value of MJ for the background will
always be lower than that for the signal. As a result,
the signal distribution always has a longer tail of high-jet
mass than the background, even if its HT distributions
are similar. The correlation between MJ and HT is shown
in Fig. 1 for QCD and top events. Top events typically
have higher values of MJ for a fixed HT , with a total jet
mass that asymptotes to 2mt. Signal events have even
larger values of MJ than top events and asymptote to
higher values.

The argument that MJ is preferable to HT relies on
two assumptions. The first is that the signal has a larger
MJ than top events, which requires that the signal is
at least as jet-rich as top events and has higher typical
visible energies than top events. This first assumption
is true in many signals of beyond the Standard Model
physics.

The second assumption implicit in Eq. 2 is that jet

2

tt, qcd
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Interpretation
! No significant excess above the Standard Model prediction is observed so

limits are set in several models of Supersymmetry.

! In each model the stream which gives the best expected limit is used.

! In the vicinity of the limit this is almost always the 50 GeV regions in the
“flavour” stream.

! At higher masses the MΣ
J stream is seen to do better such that this may

be promising for its use in the future.

) [GeV]g~m(

200 400 600 800 1000 1200 1400

) 
[G

e
V

]
0 1χ∼

m
(

0

200

400

600

800

1000

1200

E

DA
A

A

B
E

A

A

A

C

A

A

B

C

A

HA

A
A

B

C

B

A

A

A

D

A

B

A

D

A

A

D

A

B

A

A

A

C

E

A

A
E

B

A

A

H

B

A

B

H

B

A
A

H

E

B

D

B

A

A

H

A

B

A

B

D

GA

A

AA

A

A

E

D

A

A
A

H
DC

A

E

A

AB

A

E

E

A

B

A

A
A

H

A

A

A

A

B

H
B

G A

B

C

C

H

A

B

A

E

A

A

B

B

E

A

A

D

A

A

A

A

B

A

A

E

E

A

A

A

H

C

E

D

A

A

A

B

A

A

A

A

A

E

E

A

A

H
BA

E

C

A

E

G

A

G

)]/2
0

1
χ∼)+m(g~)=[m(

±

1
χ∼; m(

0

1
χ∼qqW→g~, g~-g~

-1L dt = 20.3 fb∫
Multijet Analyses

ATLAS

)0

1χ∼

)<
m

(

g~
m

(

26 / 31
performance and applications of jet substructure in SUSY searches at the LHC, nhan tran

ATLAS high jet multiplicity SUSY 

21

~
~
~

~
~

~ ~
~

~
~

~~
~~

~ ~
~~ ~

ATLAS SUSY Multi-Jet Search
Christopher Young, CERN

Interpretation

! Gluino pair production where they decay:

1. g̃ → t + t̄ + χ̃0
1

2. g̃ → t̄ + t̃ ; t̃ → t + χ̃0
1
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•A first application of this type of analysis
•Two streams within analysis: 

•high jet multiplicity + 0/1/2 btags
•high jet multiplicity + sum jet mass 

•Will tend to focus on the comparison of traditional and 
substructure approach more than limits 

•Example simplified model interpretations...
•g →	  t + t + χ01
•g →	  t + t; t →	  t + χ01
•g →	  q + q + χ±1; χ±1 →	  W± + χ01
•g →	  q + q + χ±1; χ±1 →	  W± + χ02; χ02 →	  Z + χ01
•g →	  t + t; t →	  b + s (RPV)
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Multi-jet + flavour stream Multi-jet + M⌃
J stream

Identifier 8j50 9j50 � 10j50 7j80 � 8j80 � 8j50 � 9j50 � 10j50

Jet |⌘| < 2.0 < 2.0 < 2.8

Jet pT > 50GeV > 80GeV > 50GeV

Jet count = 8 = 9 � 10 = 7 � 8 � 8 � 9 � 10

b-jets
0 1 � 2 0 1 � 2 — 0 1 � 2 0 1 � 2 —

(pT > 40 GeV, |⌘| < 2.5)

M⌃
J

[GeV] — — > 340 and > 420 for each case

Emiss
T /

p
HT > 4 GeV1/2 > 4 GeV1/2 > 4 GeV1/2

Table 1: Definition of the nineteen signal regions. The jet |⌘|, pT and multiplicity all refer to the R = 0.4 jets. Composite jets with

the larger radius parameter R = 1.0 are used in the multi-jet + M⌃
J

stream when constructing M⌃
J

. A long dash ‘—’ indicates that

no requirement is made.

–
8
–

Analysis split into two streams, flavor and sum jet mass

- MΣJ stream: originally clustered AK4 jets are reclustered into AK10 jets. 
- Composite AK10 jets are required to have pT > 100 GeV
- Relatively low cut on the missing ET (MET) w.r.t. previous iterations
- Explicit lepton veto on isolated electrons and muons

number���������	
��������������������  of���������	
��������������������  
AK4���������	
��������������������  jets
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background determination

•Due to the low MET cut, QCD multijets is the dominant background
•Data-driven method used to extrapolate from lower jet 
multiplicity control region to signal region via ABCD method

•“Leptonic backgrounds” typically from W+jets, Z(νν)+jets and ttbar
•W+jets and ttbar backgrounds come from hadronic tau decays 
so electron/muons channels are used to emulate

•Z(ll)+jets are used to mimc the Z(νν)+jets backgrounds
•MCs show good agreement within experimental uncertainties

23

ATLAS SUSY Multi-Jet Search
Christopher Young, CERN

Background Determination - Multi-jets
! Due to the softish cut on Emiss

T multi-jet processes form a large
proportion of the background.

! Fully data-driven method has been developed.

! For a large range of jet pT the ATLAS resolution is ∝ √
pT.

! For events dominated by jet mis-measurement the quantity Emiss
T /

√
HT

will be approximately invariant under changes in jet multiplicity.

! Therefore the background can be determined by:

Npredicted

Emiss
T

/
√

HT>4.0,nJet≥9
= Nobserved

Emiss
T

/
√

HT<1.5,nJet≥9

Nobserved

Emiss
T

/
√

HT>4.0,nJet=6

Nobserved

Emiss
T

/
√

HT<1.5,nJet=6

where all the numbers have the expected non-multi-jet background yields
subtracted. (ABCD method)

12 / 31
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background determination

24
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Background Determination - Multi-jets
! Method is also tested to work after cuts on MΣ

J .
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Here template from 6 jet selection is used to predict distribution for 7 jet selection.
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Background Determination - “leptonic” backgrounds
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Multijet background control region 
extrapolating from 6- jet bin to 7-jet bin

MΣJ distribution for
single lepton control region 
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Signal regions
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Signal regions
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results, g → t + t + χ01
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Interpretation

! Gluino pair production where they decay:

1. g̃ → t + t̄ + χ̃0
1

2. g̃ → t̄ + t̃ ; t̃ → t + χ̃0
1
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Discussion points: 
Is there a reason to keep the 
flavor and MΣJ stream separate?  
Can they be used in concert? 

What is the effect of pre-selecting 
hard AK4 jets? 

A or B = flavor stream
C - H = MΣJ stream

MΣJ stream better expected limits

Expected limits shown where best 
analysis stream is highlighted

~~
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results, g → qq + W + χ01
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Limits - One Step Decay

! Gluino pair production where they decay:

1. g̃ → q + q̄
′

+ χ̃±
1 ; χ̃±

1 → W± + χ̃0
1
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Discussion points: 
How do these limits compare to 
single lepton + jets final state?

Is a single lepton + jets final 
state mutually exclusive with 
observables like MΣJ?

A or B = flavor stream
C - H = MΣJ stream

Expected limits shown where best 
analysis stream is highlighted

MΣJ stream better expected limits

~ ~
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•1-prong decays:
•discriminating between quark, gluon and pileup jets can be used to 
boost sensitivity

•2-prong decays:
•mature existing methods for identifying W/Z/H jets, can be extended to 
generic 2-prong boosted jets

•3-prong decays:
•mature existing methods for identifying top jets, can be extended to 
generic 3-prong boosted jets

•4 (or more)-prong decays:
•a new broad class of observables for studying high jet multiplicity final 
states; first analysis using sum jet mass with encouraging first results

•
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additional material
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grooming
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substructure examples

31

•Declustering and reclustering
•Look through the clustering history or recluster the jet with smaller R jets to find 
the two subjets of a heavy W, Z, or H

•examples: mass drop - (msj1/m) , √d12 - first splitting scale of kT algorithm
•Generalized jet shapes

•N-subjettiness (τN) [1], how consistent a jet is with having N subjets, ratios are 
typically used, e.g. τ2/τ1 for W-jets

•energy correlation functions [2], similar to N-subjettiness, less susceptible to 
recoil and no definition of subjet axes; jet width; pTD; r-cores; planar flow...

•Qjets [3]
•Exploiting the “quantum” nature of jets - a jet is an algorithm defined to 
interpret a parton shower history; Qjets takes multiple interpretations

•Jets from high mass scales are more stable than low mass QCD jets
•Jet charge [4], an oldy but a goody [1] Thaler, Van Tilburg, JHEP 1103:015,2011

[2] Larkoski, Salam, Thaler, arXiv:1305.0007
[3] Ellis et al., PRL 108, 182003 (2012)
[4] Krohn et al., Phys. Rev. Lett. 110 (2013) 212001
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N-subjettiness
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N-subjettiness

10

calculations and resummation techniques (see, e.g. recent work in Ref. [29, 30]) compared

to algorithmic methods for studying substructure. Finally, N -subjettiness gives favorable

efficiency/rejection curves compared to other jet substructure methods. While a detailed

comparison to other methods is beyond the scope of this work, we are encouraged by these

preliminary results.

The remainder of this paper is organized as follows. In Sec. 2, we define N -subjettiness

and discuss some of its properties. We present tagging efficiency studies in Sec. 3, where we

use N -subjettiness to identify individual hadronic W bosons and top quarks, and compare

our method against the YSplitter technique [2, 3, 4] and the Johns Hopkins Top Tagger [6].

We then apply N -subjettiness in Sec. 4 to reconstruct hypothetical heavy resonances de-

caying to pairs of boosted objects. Our conclusions follow in Sec. 5, and further information

appears in the appendices.

2. Boosted Objects and N-subjettiness

Boosted hadronic objects have a fundamentally different energy pattern than QCD jets

of comparable invariant mass. For concreteness, we will consider the case of a boosted

W boson as shown in Fig. 1, though a similar discussion holds for boosted top quarks or

new physics objects. Since the W decays to two quarks, a single jet containing a boosted

W boson should be composed of two distinct—but not necessarily easily resolved—hard

subjets with a combined invariant mass of around 80 GeV. A boosted QCD jet with an

invariant mass of 80 GeV usually originates from a single hard parton and acquires mass

through large angle soft splittings. We want to exploit this difference in expected energy

flow to differentiate between these two types of jets by “counting” the number of hard lobes

of energy within a jet.

2.1 Introducing N-subjettiness

We start by defining an inclusive jet shape called “N -subjettiness” and denoted by τN .

First, one reconstructs a candidate W jet using some jet algorithm. Then, one identifies

N candidate subjets using a procedure to be specified in Sec. 2.2. With these candidate

subjets in hand, τN is calculated via

τN =
1

d0

∑

k

pT,k min {∆R1,k,∆R2,k, · · · ,∆RN,k} . (2.1)

Here, k runs over the constituent particles in a given jet, pT,k are their transverse momenta,

and ∆RJ,k =
√

(∆η)2 + (∆φ)2 is the distance in the rapidity-azimuth plane between a

candidate subjet J and a constituent particle k. The normalization factor d0 is taken as

d0 =
∑

k

pT,kR0, (2.2)

where R0 is the characteristic jet radius used in the original jet clustering algorithm.

It is straightforward to see that τN quantifies how N -subjetty a particular jet is, or

in other words, to what degree it can be regarded as a jet composed of N subjets. Jets
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Figure 4: Left: Decay sequences in (a) tt and (c) dijet QCD events. Right: Event displays for
(b) top jets and (d) QCD jets with invariant mass near mtop. The labeling is similar to Fig. 1,
though here we take R = 0.8, and the cells are colored according to how the jet is divided into
three candidate subjets. The open square indicates the total jet direction, the open circles indicate
the two subjet directions, and the crosses indicate the three subjet directions. The discriminating
variable τ3/τ2 measures the relative alignment of the jet energy along the crosses compared to the
open circles.

a b jet and a W boson, and if the W boson decays hadronically into two quarks, the top jet

will have three lobes of energy. Thus, instead of τ2/τ1, one expects τ3/τ2 to be an effective

discriminating variable for top jets. This is indeed the case, as sketched in Figs. 4, 5, 6,

and 7.
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generalizing subjets...
N-subjettiness: a measure 
of how consistent a jet is 
with having N subjets, τN

k, sum over particles in the jet
N subjet axes for computing τN

calculations and resummation techniques (see, e.g. recent work in Ref. [29, 30]) compared

to algorithmic methods for studying substructure. Finally, N -subjettiness gives favorable

efficiency/rejection curves compared to other jet substructure methods. While a detailed

comparison to other methods is beyond the scope of this work, we are encouraged by these

preliminary results.

The remainder of this paper is organized as follows. In Sec. 2, we define N -subjettiness

and discuss some of its properties. We present tagging efficiency studies in Sec. 3, where we

use N -subjettiness to identify individual hadronic W bosons and top quarks, and compare

our method against the YSplitter technique [2, 3, 4] and the Johns Hopkins Top Tagger [6].

We then apply N -subjettiness in Sec. 4 to reconstruct hypothetical heavy resonances de-

caying to pairs of boosted objects. Our conclusions follow in Sec. 5, and further information

appears in the appendices.

2. Boosted Objects and N-subjettiness

Boosted hadronic objects have a fundamentally different energy pattern than QCD jets

of comparable invariant mass. For concreteness, we will consider the case of a boosted

W boson as shown in Fig. 1, though a similar discussion holds for boosted top quarks or

new physics objects. Since the W decays to two quarks, a single jet containing a boosted

W boson should be composed of two distinct—but not necessarily easily resolved—hard

subjets with a combined invariant mass of around 80 GeV. A boosted QCD jet with an

invariant mass of 80 GeV usually originates from a single hard parton and acquires mass

through large angle soft splittings. We want to exploit this difference in expected energy

flow to differentiate between these two types of jets by “counting” the number of hard lobes

of energy within a jet.

2.1 Introducing N-subjettiness

We start by defining an inclusive jet shape called “N -subjettiness” and denoted by τN .

First, one reconstructs a candidate W jet using some jet algorithm. Then, one identifies

N candidate subjets using a procedure to be specified in Sec. 2.2. With these candidate

subjets in hand, τN is calculated via

τN =
1

d0

∑

k

pT,k min {∆R1,k,∆R2,k, · · · ,∆RN,k} . (2.1)

Here, k runs over the constituent particles in a given jet, pT,k are their transverse momenta,

and ∆RJ,k =
√

(∆η)2 + (∆φ)2 is the distance in the rapidity-azimuth plane between a

candidate subjet J and a constituent particle k. The normalization factor d0 is taken as

d0 =
∑

k

pT,kR0, (2.2)

where R0 is the characteristic jet radius used in the original jet clustering algorithm.

It is straightforward to see that τN quantifies how N -subjetty a particular jet is, or

in other words, to what degree it can be regarded as a jet composed of N subjets. Jets
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•  model (Alpgen+Pythia W+jets) includes W+g  
⁃  mostly charge-symmetric backgrounds (shaded) : multi-jets, top, Z+jets 

•  a measurement of the pT dependence can eventually be 
compared to calculations (Waalewjin, PRD 86 (2012)
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Knowing the charge of the parton initiating a light-quark jet could be extremely useful both for
testing aspects of the Standard Model and for characterizing potential beyond-the-Standard-Model
signals. We show that despite the complications of hadronization and out-of-jet radiation such as
pile-up, a weighted sum of the charges of a jet’s constituents can be used at the LHC to distinguish
among jets with different charges. Potential applications include measuring electroweak quantum
numbers of hadronically decaying resonances or supersymmetric particles, as well as Standard Model
tests, such as jet charge in dijet events or in hadronically-decaying W bosons in tt̄ events. We
develop a systematically improvable method to calculate moments of these charge distributions by
combining multi-hadron fragmentation functions with perturbative jet functions and pertubative
evolution equations. We show that the dependence on energy and jet size for the average and width
of the jet charge can be calculated despite the large experimental uncertainty on fragmentation
functions. These calculations can provide a validation tool for data independent of Monte-Carlo
fragmentation models.

The Large Hadron Collider (LHC) at CERN provides
an opportunity to explore properties of the Standard
Model in unprecedented detail and to search for physics
beyond the Standard Model in previously unfathomable
ways. The exquisite detectors at atlas and cms let us
go beyond treating jets simply as 4-momenta to treating
them as objects with substructure and quantum num-
bers. A traditional example is whether a jet was likely
to have originated from a b-parton. At the LHC, one
can additionally explore whether a jet has subjet con-
stituents, as from a boosted heavy object decay [1, 2],
or whether it originated from a quark or gluon [3]. See
Ref. [4] for a recent review of jet substructure. Here we
consider the feasibility of measuring the electric charge
of a jet.

The idea of correlating a jet-based observable to the
charge of the underlying hard parton has a long his-
tory. In an effort to determine the extent to which jets
from hadron collisions were similar to jets from leptonic
collisions, Field and Feynman [5] argued that aggregate
jet properties such as jet charge could be measured and
compared. The subsequent measurement at Fermilab [6]
and CERN [7] in charged-current deep-inelastic scatter-
ing experiments showed clear up- and down-quark jet
discrimination, confirming aspects of the parton model.
Another important historical application was the light-
quark forward-backward asymmetry in e+e− collisions, a
precision electroweak observable [8]. Despite its histori-
cal importance, there seem to have been no attempts yet
at measuring the charge of light-quark jets at the LHC.

Most experimental studies of jet charge measured vari-
ants of a momentum-weighted jet charge. We define the

pT -weighted jet charge for a jet of flavor i as

Qi
κ =

1

(pjetT )κ

∑

j∈jet

Qj(p
j
T )

κ (1)

where the sum is over all particles in the jet, Qj is the
integer charge of the color-neutral object observed, pjT is
the magnitude of its transverse momentum with respect
to the beam axis, pjetT is the total transverse momentum
of the jet, and κ is a free parameter. A common variant
uses energy instead of pT . Values of κ between 0.2 and 1
have been used in experimental studies [6, 8].

FIG. 1. Distributions of Qi
κ for various parton flavors ob-

tained from pp → W ′ → q̄q or pp → gg events with pjet
T

= 500
GeV and κ = 0.5, 1.

testing jet charge in data 
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•  for single jets, use leptonic 
W+jets sample, 15.2 fb-1 

⁃  �+ET(miss), ≥1 jet: 
~80% pure W 

⁃  quark charge is 
opposite to W charge 

•  better statistics but very 
mixed samples from 
dijets 
⁃  total dijet charge 

provides sensitivity to 
mean jet charge, 
"avor composition 

quarks$

74%$

ATLA
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CMS-PAS-JME-13-006
ATLAS-CONF-2013-086

Jet charge measured for the first time at the 
LHC showing discrimination for W+ vs. W- as 

well as for up and down quark discrimination in 
W+jet events.

Interesting possible applications!
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top jets

34

•Tops can be a bit more complicated objects, tagging is not 
only via observables, but algorithms too

•Top taggers
•Decluster the fat jet with particular requirements and look at invariant 
mass and other kinematic requirements

•CMS top tagger (a variant of JHU top tagger [1])
•HEP top tagger [2] - larger cones (R=1.5) targeted for moderate pT

•Template top tagger [3] - compares jet energy profile against a library of 
O(300k) templates

•Examples of single observables
•kT splitting scales
•N-subjettiness τ3/τ2

•Shower deconstruction [4] - a new and potentially powerful method, the 
“matrix element on steroids” which includes parton shower

[1] Kaplan et al., PRL 101/142001 (2008)
[2] Plehn, Spannowsky et. al, JHEP 1010:078,2010
[3] Perez et al., Phys. Rev. D82 054034, 2010
[4] Soper, Spannoswsky, PhysRevD.87.054012
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Figure 6. The expected and observed 95% confidence limits are shown for the boosted analyses
channel. The published CMS results using 35 pb�1 of 2010 data and using 5 fb�1 of 2011 data are
shown for comparison.
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Figure 5. The expected and observed 95% confidence limits are shown for the resolved analyses
channel. The published CMS results using 35 pb�1 of 2010 data and using 5 fb�1 of 2011 data are
shown for comparison.
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