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Introduction Historical context

Jet production at hadron colliders
Our window into the Terascale!Volume 118B, number 1, 2, 3 PHYSICS LETTERS 2 December 1982 

315 ° 

(o) (b) 

Fig. 4. Configuration of the event with the largest value of ~ET, 127 GeV (M = 140 GeV): (a) charged tracks pointing to the inner 

face of the central calorimeter are shown together with cell energies (indicated by heavy lines with lengths proportional to cell en- 
ergies). (b) the cell energy distribution as a function of polar angle 0 and azimuth ~. 

(C1, C2) in each event (we assign to each cluster a 

four-momentum (Eu, E), E being the cluster energy 

and u the unit vector pointing from the event vertex 

to the cluster center). We measure PT to be 6 GeV/c 

on the average, of  which at least 3 GeV/c are of  in- 

strumental nature (non-inclusion of  large angle frag- 
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Fig. 5. (a) Azimuthal separation between C1 and C2 (see text) 
for E~ '2 > 10 and 14 GeV. (b) Azimuthal separation between 

C1 and the forward/backward sector having E T > 5 GeV for 
e ~  > 10 GeV andE~/E~ < 0.4 (see text). 

208 

ments in the cluster, energy resolution, edge effects, 

etc.). 

The above observations support  the interpretat ion 

of Sjj as a sample of  two-jet events resulting from a 

hard parton collision. We remark however that  the 

spectacular configuration illustrated in fig. 4 is not re- 

presentative of  the whole sample. As shown in fig. 3a 

the two-jet system accounts for only a fraction of  

~ E  T. The rest o f  the transverse energy in the event, 

ET, is distributed among clusters, of  which typically 

2 to 3 are in excess of  1 GeV. Their detailed study is 

beyond the scope of  the present report .  We simply re- 

mark that they are only weakly correlated with the 

jet  directions and that their mult ipl ici ty and transverse 

energy ~s t r ibu t ions  are the same as in events having 

S E  T = E T- 

Given the presence of  relatively abundant and hard 

clusters accompanying the two-jet system, we further 

ascertain the emergence of  a two-jet (as opposed to 

multi-jet) structure by measuring the dependence 

upon ZE T of  the ratios r21 = E~/E1T and r32 = E3/E 2. 
As ~ E  T increases, r21 increases and r32 decreases (fig. 

3b),  again illustrating the dominance of  two-jet events 

for ~ E  T exceeding "~60 GeV. 

UA2, SppS, 1982
√

s = 540 GeV
m1,2 = 140 GeV
pT,1 = 60 GeV
pT,2 = 57 GeV

D.W. Miller (SLAC/U.Chicago) Hadronic event shapes and jet substructure in ATLAS (ID #473) August 9-13, 2011 2 / 20



Introduction Historical context

Jet production at hadron colliders
Our window into the Terascale!Volume 118B, number 1, 2, 3 PHYSICS LETTERS 2 December 1982 

315 ° 

(o) (b) 

Fig. 4. Configuration of the event with the largest value of ~ET, 127 GeV (M = 140 GeV): (a) charged tracks pointing to the inner 

face of the central calorimeter are shown together with cell energies (indicated by heavy lines with lengths proportional to cell en- 
ergies). (b) the cell energy distribution as a function of polar angle 0 and azimuth ~. 

(C1, C2) in each event (we assign to each cluster a 

four-momentum (Eu, E), E being the cluster energy 

and u the unit vector pointing from the event vertex 

to the cluster center). We measure PT to be 6 GeV/c 

on the average, of  which at least 3 GeV/c are of  in- 

strumental nature (non-inclusion of  large angle frag- 

E 

~o 

E~ '2 • 10 GeV 

E 1'2 14 GeV r • 

(a) 

0 90 

10 

5 

H, 
180 

A ~  (degrees) 

(b) 

F7 
90 180 

Fig. 5. (a) Azimuthal separation between C1 and C2 (see text) 
for E~ '2 > 10 and 14 GeV. (b) Azimuthal separation between 

C1 and the forward/backward sector having E T > 5 GeV for 
e ~  > 10 GeV andE~/E~ < 0.4 (see text). 

208 

ments in the cluster, energy resolution, edge effects, 

etc.). 

The above observations support  the interpretat ion 

of Sjj as a sample of  two-jet events resulting from a 

hard parton collision. We remark however that  the 

spectacular configuration illustrated in fig. 4 is not re- 

presentative of  the whole sample. As shown in fig. 3a 

the two-jet system accounts for only a fraction of  

~ E  T. The rest o f  the transverse energy in the event, 

ET, is distributed among clusters, of  which typically 

2 to 3 are in excess of  1 GeV. Their detailed study is 

beyond the scope of  the present report .  We simply re- 

mark that they are only weakly correlated with the 

jet  directions and that their mult ipl ici ty and transverse 

energy ~s t r ibu t ions  are the same as in events having 

S E  T = E T- 

Given the presence of  relatively abundant and hard 

clusters accompanying the two-jet system, we further 

ascertain the emergence of  a two-jet (as opposed to 

multi-jet) structure by measuring the dependence 
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3b),  again illustrating the dominance of  two-jet events 

for ~ E  T exceeding "~60 GeV. 

UA2, SppS, 1982
√

s = 540 GeV
m1,2 = 140 GeV
pT,1 = 60 GeV
pT,2 = 57 GeV

ATLAS, LHC, 2010
√

s = 7 TeV
m1,2 = 2.6 TeV
pT,1 = 1.3 TeV
pT,2 = 1.2 TeV
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The ATLAS detector Subdetector systems used for jet physics

The ATLAS detector at the LHC
Weight: 7000 tons
Length × height: 44m × 25m
Toroid: 4 T
Solenoid: 2 T

100,000,000 electronic channels
3000 km of cables

But the whole is more than just the sum of its parts...
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The ATLAS detector Subdetector systems used for jet physics

The ATLAS calorimeter system and jet reconstruction

Well known technologies, fast readout, high granularity.

Highly granular EM calo with longitudinal segmentation
∆η ×∆φ ≈ 0.025× 0.025 (central)
22X0 − 33X0 in the barrel
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Figure 5.4: Sketch of a barrel module where the different layers are clearly visible with the ganging
of electrodes in φ . The granularity in η and φ of the cells of each of the three layers and of the
trigger towers is also shown.

5.2.2 Barrel geometry

The barrel electromagnetic calorimeter [107] is made of two half-barrels, centred around the z-
axis. One half-barrel covers the region with z > 0 (0 < η < 1.475) and the other one the region
with z < 0 (−1.475 < η < 0). The length of each half-barrel is 3.2 m, their inner and outer
diameters are 2.8 m and 4 m respectively, and each half-barrel weighs 57 tonnes. As mentioned
above, the barrel calorimeter is complemented with a liquid-argon presampler detector, placed in
front of its inner surface, over the full η-range.

A half-barrel is made of 1024 accordion-shaped absorbers, interleaved with readout elec-
trodes. The electrodes are positioned in the middle of the gap by honeycomb spacers. The size
of the drift gap on each side of the electrode is 2.1 mm, which corresponds to a total drift time
of about 450 ns for an operating voltage of 2000 V. Once assembled, a half-barrel presents no

– 114 –

Jets are collections of final state particles
which are defined as comprising a single
identifiable object

The structure of the jet itself allows for
much more than just a simple 4-vector
description.
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Hadronic event shapes at high Q2 Analysis and event shape definitions

Multi-jet event shapes and QCD at
√

s = 7 TeV

Multi-jet final states and event shapes have a long history at both hadron and
lepton colliders.

Measure the relationship of hadronic final state objects (jets) to one
another, in a new energy regime.

The observables

Transverse thrust, thrust minor (τ⊥, Tm,⊥): measure aspects of the
“three-jettiness” of an event by looking for the magnitude of the multi-jet
axis with respect to the hardest two jets.

Sensitive to “in-plane” and “out-of-plane” radiation.

(Transverse) sphericity, Spheri, Spheri
⊥ : measure circular symmetry of the

event using eigenvalues of the jet momentum tensor, Mxyz.

Three-jet resolution (y23): measures the momentum content of the 3rd
jet (p2

T,3) in relation to the sum of the first two, or Q2 = (pT,1 + pT,2)2
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Hadronic event shapes at high Q2 Dependence on event topology

Detector-level distributions: τ⊥ and Tm,⊥
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T⊥ ≡ max
n̂⊥

∑
i |~q⊥i · n̂⊥|∑

i q⊥i

τ⊥ ≡ 1− T⊥

Tm,⊥ ≡
∑

i |~q⊥i × n̂⊥|∑
i q⊥i

,

The slightly worse agreement of PYTHIA (Perugia 2010) is most in the kinematic
evolution of the thrust and thrust minor component.
In the region where the multijet description dominates, PYTHIA deviates in just
the mean thrust minor (roughly, the out-of-plane jet activity) by 10%.
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Hadronic event shapes at high Q2 Dependence on event topology

Results at particle level: τ⊥ & Tm,⊥
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T⊥ ≡ max
n̂⊥

∑
i |~q⊥i · n̂⊥|∑

i q⊥i

τ⊥ ≡ 1− T⊥

Tm,⊥ ≡
∑

i |~q⊥i × n̂⊥|∑
i q⊥i

,

The thrust generally well described by each of the three generators,
although both ALPGEN and PYTHIA (Perugia 2010) show slight
deviations in the midrange of the thrust, and is slightly worse for Tm,⊥,
suggesting that the out-of-plane activity is not as well described.
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Hadronic event shapes at high Q2 Dependence on event topology

Results at particle level: Spheri & Spheri
⊥
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Spheri ≡
3

2
(λ2 + λ3),

Spheri
⊥ ≡

2λ2

λ1 + λ2
,

Sphericity and transverse sphericity are both well described by all three
generators with comparatively small systematic uncertainties.

D.W. Miller (SLAC/U.Chicago) Hadronic event shapes and jet substructure in ATLAS (ID #473) August 9-13, 2011 8 / 20



Hadronic event shapes at high Q2 Dependence on event topology

Results at particle level: aplanarity and y23
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A ≡
3

2
λ3.

y23 =
p2

t,3

(pt,1 + pt,2)
2

After correcting for detector effects, HERWIG++ is quite discrepant at
high A. ALPGEN models the data slightly better than PYTHIA (Perugia
2010) in the lower and mid-range.
Good agreement for y23 with all generators, although HERWIG++ does
seem to follow the data the best, but all are within systematics here.
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Internal jet structure in ATLAS Inclusive jet shapes

Internal “classical” jet shapes with 2010 data
Using the anti-kt R = 0.6 jet algorithm (Phys. Rev. D 83, 052003 (2011))

Jet

R

r
!r

Differential anti-kt R = 0.6 jet shape densities – per annulus – demonstrate clear
jet-like structure (dense core and diffuse periphery).
Tests of different Monte Carlo generators (2 PYTHIA versions, ALPGEN, HERWIG++)
show varying levels of agreement.
Perugia 2010 tune of PYTHIA and HERWIG++ consistently describe the data very well.
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Internal jet structure in ATLAS Inclusive jet shapes

Internal “classical” jet shapes vs. pT in 2010
Using the anti-kt R = 0.6 jet algorithm (Phys. Rev. D 83, 052003 (2011))

Ψ(r = r0) represents the integrated energy within a given cone.
1−Ψ(r = 0.3) represents the energy outside the core of the jet.
Consistently see that most standard MC tunes (ALPGEN, PYTHIA) underestimate the
amount of soft, wide-angle contributions to the jet.
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Internal jet structure in ATLAS Jet substructure at the energy frontier

What the energy frontier offers
With new theoretical tools, advanced detectors, and experimental
methods in hand, we will be able to treat the jet as more than simply a
4-vector surrogate for a parton and to even search inside the jet.

Here are a few examples of cases in which these techniques will be essential to study
the Standard Model in a new energy regime, or even to discover new physics.

Light Higgs decays to two b-quarks: JET MASS

High mass SUSY particles which violate R-parity, producing highly boosted
hadronic decays: JET SPLITTING SCALES

Boosted top quarks with decay products merged into a single jets: JET MASS
AND SUBSTRUCTURE
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Internal jet structure in ATLAS Substructure-based analysis

Recovering lost Higgs channels
A light Higgs decay to two b-quarks, H → bb, was thought to be completely lost in the
QCD background. With substructure techniques, this channel may be recoverable.
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Figure 5: Distribution of the invariant mass of the Higgs candidate after all selection cuts. (a)
lνbb̄ channel (b) llbb̄ channel and (c) Emiss

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

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

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

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

The trigger efficiency has not been applied.

4.3 llbb̄ channel

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

10

Combined llbb, lνbb, ννbb channels may yield an observation (3.7σ) with 30 fb−1 .
At this luminosity, methods to understand, mitigate

and correct for pile-up will be essential.

pp→ ZH/WH
H → bb
ATL-PHYS-PUB-2009-88
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Internal jet structure in ATLAS Substructure-based analysis

Recovering lost Higgs channels
A light Higgs decay to two b-quarks, H → bb, was thought to be completely lost in the
QCD background. With substructure techniques, this channel may be recoverable.
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Figure 5: Distribution of the invariant mass of the Higgs candidate after all selection cuts. (a)
lνbb̄ channel (b) llbb̄ channel and (c) Emiss

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

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

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

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

The trigger efficiency has not been applied.

4.3 llbb̄ channel

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

10

Combined llbb, lνbb, ννbb channels may yield an observation (3.7σ) with 30 fb−1 .
At this luminosity, methods to understand, mitigate

and correct for pile-up will be essential.

pp→ ZH/WH
H → bb
ATL-PHYS-PUB-2009-88

Crucial to
remove soft
radiation: jet
filtering
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Internal jet structure in ATLAS Jet mass

First measurements of “fat” jet mass at ATLAS in 2010
Using the anti-kt, R = 1.0 and C/A, R = 1.2 “fat” jet algorithms (ATLAS-CONF-2011-073)
The individual jet mass encodes information about both the parton shower and the
potential presence of heavy particle decays within the jet.
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Jet mass is unfolded to the particle level to correct for detector effects.
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Internal jet structure in ATLAS Jet mass

First measurements of filtered “fat” jet masses
By applying the jet filtering algorithm (necessary for mass resolution in boosted Higgs,
H → bb̄), generator differences are reduced and impact of pile-up is removed.
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good after filtering.

ATLAS-CONF-2011-073
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Internal jet structure in ATLAS Jet mass

Single jet hadronic W mass in H → bb search
ATLAS-CONF-2011-103

Events are selected to be consistent
with W → lν+1 jet, with
pjet

T > 180 GeV and ∆φW,jet > 1.2
Jet filtering procedure is used
with C/A, R = 1.2 jets
No b-tagging is applied

Uncorrected tt, W+jets, and SM
WW processes are included and
normalized to the highest order
cross-section available.
These first results are encouraging,
promising new results with boosted
jet substructure techniques in the
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Internal jet structure in ATLAS Splitting scale

First measurements of “fat” jet splitting scale at ATLAS
ATLAS-CONF-2011-073 (35 pb−1)√

d12 = min(pT,1, pT,2)δR12
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The splitting scale represents the
kinematic threshold at which a jet can
be broken into sub-components – the
level at which structure begins to form.

Corrected to particle level for
detector effects
Expected to be significantly
different between signal and
background for boosted objects
Well described by MC + detector
simulation
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Internal jet structure in ATLAS Boosted top quarks

Boosted SM top quarks observed in the data
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Internal jet structure in ATLAS Boosted top quarks

Boosted SM top quarks observed in the data
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Summary and conclusions

Status and future jet physics at ATLAS

The physics program is well underway at ATLAS
Many of the first results based on hadronic final states

Advanced experimental and theoretical tools expose the wealth of
information between and inside of jets at the energy frontier.

Jets are more than just a simple 4-vector
Have shown the canonical measurements of high-pT event shapes,
inclusive QCD jet shapes and first measurements of fat jet mass,
splitting scales, and internal structure

Results are in good agreement with expectations from MC, while crucial
differences between MC models have been uncovered.

Already applying these advanced techniques to searches for new physics
in boosted hadronic final states

First hints of hadronic W decays into a single jet and candidate
boosted top quark events
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Backup slides and additional information

LHC operation in 2010

The average number of interactions measured by
the reconstructed primary vertex multiplicity in
calorimeter triggered events as a function of time
throughout 2010.

March-June 〈NPV〉 ≈ 1.05− 1.1 (fraction
with NPV ≥ 2: <10%)
June-October 〈NPV〉 ≈ 1.5− 2.0 (fraction
with NPV ≥ 2: 40-60%)
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Backup slides and additional information

The ATLAS tracking system

Transition Radiation Drift Tubes (TRT)

73 barrel straws, 2x160 end-cap disks
σr ∼ 130µm, particle ID
350k channels

TRT 

SCT 

PIX 

Silicon Strips (SCT)

4 barrel layers, 2x9 end-cap disks
σrφ ∼ 17µm, σz ∼ 580µm
6.3M channels

Silicon Pixels (PIX)

3 barrel layers, 2x3 end-cap disks
σrφ ∼ 10µm, σz ∼ 115µm
80M channels

Excellent position resolution, tracking efficiency, vertexing performance.
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Backup slides and additional information Jet finding, reconstruction and calibration

Inputs to jet reconstruction
ATLAS has a highly flexible and robust set of input signals to consider for jet
reconstruction:

Towers without noise
suppression

Topological clusters Towers with noise sup-
pression

Tracks

Each of these has been studied in detail in the data in order to ensure a thorough
understanding of the jet reconstruction itself and the signal model being used to form
the basis for physics measurements.

ATLAS-CONF-2010-18
ATLAS-CONF-2010-53

Topological
clustering for
noise suppression
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Backup slides and additional information Jet finding, reconstruction and calibration

Jet energy scale uncertainty
ATLAS-CONF-2010-056
The JES uncertainty is the single largest uncertainty for any analysis I will present.
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It is crucial to determine each component systematically and to provide a
well-understood uncertainty, over and above a small uncertainty.
8-9% at low pT

Focus on the component known to change over time, and to become ever more important
as the luminosity of the machine increases to its nominal value:

the uncertainty due to multiple interactions in same bunch crossing: pile-up.
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Backup slides and additional information Jet finding, reconstruction and calibration

Fat jet momentum and energy scale uncertainty
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Figure: Rm
rtrack−jet versus pjet

T and mjet for jets reconstructed with the three algorithms
considered.
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Backup slides and additional information Jet finding, reconstruction and calibration

Fat jet momentum and energy scale uncertainty

Table: Uncertainty on the pT and mass scale of the three jet algorithms used in this study.

Jet Algorithm JES JMS JER JMR
anti-kt, R = 1.0 5% 7% 20% 30%
C/A, R = 1.2 5% 6% 20% 30%
C/A, R = 1.2 (filtered) 6% 7% 20% 30%

Table: Uncertainty on the scale and resolution of the kT splitting scale variable.

Scale Resolution√
d12 15% 30%
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Backup slides and additional information Event shape observables

Definitions of the observables
Several observables are compared between data and MC, some of which are known to
be perturbatively incalculable (such as Spheri) but are nonetheless considered as they
are commonplace in some searches for new physics (e.g. microscopic black holes).

Three-jet resolution variant: y23

y23 =
d23

Q2

where d23 = p2
t,3

and Q2 = (pt,1 + pt,2)2

y23 represents the threshold at which the event transitions from a di-jet event into a
multi-jet (specifically three-jet) event
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Backup slides and additional information Event shape observables

Definitions of the observables
Several observables are compared between data and MC, some of which are known to
be perturbatively incalculable (such as Spheri) but are nonetheless considered as they
are commonplace in some searches for new physics (e.g. microscopic black holes).

Sphericity and aplanarity: Spheri, Spheri
⊥ , and A

Mxyz =

∑
i pi
αpi

β∑
i(pi)2 ,

Spheri ≡ 3
2

(λ2 + λ3),

Spheri
⊥ ≡ 2λ2

λ1 + λ2
,

A ≡ 3
2
λ3.

Global information about the full jet momentum tensor of the event. They
effectively measure the total transverse momentum with respect to the event axis.
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Backup slides and additional information Event shape observables

Definitions of the observables
Several observables are compared between data and MC, some of which are known to
be perturbatively incalculable (such as Spheri) but are nonetheless considered as they
are commonplace in some searches for new physics (e.g. microscopic black holes).

Thrust: τ⊥ and Tm,⊥

T⊥ ≡ max
n̂⊥

∑
i |~q⊥i · n̂⊥|∑

i q⊥i

τ⊥ ≡ 1− T⊥

Tm,⊥ ≡
∑

i |~q⊥i × n̂⊥|∑
i q⊥i

,

The transverse thrust, T⊥ , and its minor component, Tm,⊥, attempt to define
attempt to define explicitly a thrust axis for the event that maximizes the total
transverse momentum of the event.
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Backup slides and additional information Detector effect corrections: bin-by-bin unfolding

Unfolding factors: lny23 as an example
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Backup slides and additional information Detector effect corrections: bin-by-bin unfolding

Unfolding factors and systematic uncertainties: τ⊥
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The rightmost bin is combined in order to estimate the unfolding factor.
However, only the τ⊥ = 0.3 bin is included in the final result.
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Backup slides and additional information Boosted tops and SUSY

Boosted top decays at the LHC
The LHC will offer many new arenas for measuring Standard Model processes,
such as boosted t̄tdecays. These same measurements serve as a proving ground
for techniques to search for new physics in hadronic final states.
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Figure 1: Probability that the three partons from a hadronic top decay are found within a !R distance

of 0.8 (a). The red squares indicate the probability that no partons merge, the green triangles that two

partons merge, but the third remains well separated, and the blue triangles that all three partons merge.

Reconstructed invariant mass of the leading jet (anti-kT on topological calorimeter clusters, with R=0.8)

in pp→ X → tt̄ → lepton + jets events (b).

decay products are collimated in a narrow cone. Jet algorithms with standard distance criteria are no

longer able to resolve the individual partons and reconstruct the hadronic decay as a single top mono-jet.

Similarly, the lepton from the leptonically decaying top quark is embedded in the jet and is no longer

isolated.

To put this rather schematic discussion on a more quantitative basis, a parton-level study has been

performed on a test sample with an approximately uniform population over a large tt̄ invariant mass range

( 2mt < mtt̄ < 2.5 TeV). The probability that the partons from a hadronic top decay are found within a

given !R distance of 0.8, is shown in figure 1(a). Clearly, the resolved topology (no partons merge)

dominates for tt̄ events produced at rest. For a tt̄ invariant mass greater than approximately 700 GeV

the partially merged topology takes over. The mono-jet topology only becomes dominant for masses

beyond 1.7 TeV (< ptT >= 600 GeV). By varying the cone size, the relative frequency of each topology

is altered. An increase of the !R distance to 1.6 brings the 50 % point of the mono-jet approach down

to approximately 800 GeV. For any choice of the distance a significant fraction of the events in the test

sample is classified in the partially merged topology: 32 % for !R= 0.8, 46 % for !R= 1.4 and 40 % for

!R = 1.6. This result clearly shows that a complete reconstruction of the tt̄ invariant mass distribution

has to deal with very different topologies. In the tt̄ invariant mass range between approximately 500 GeV

and 1.5 TeV, called transition region in this note, algorithms have to cope with a mixture of topologies.

The topology of the event can be identified on the basis of the substructure of the jets. The jet

invariant mass, calculated on all topological calorimeter clusters belonging to the jet, provides a very

sensitive measure. The jet invariant mass distribution of the leading (anti-kT , R = 0.8) jet after pT
ordering is shown in figure 1(b). Each event is classified as belonging to the resolved, partially merged

or fully merged topology on the basis of the !R matching of the quarks to reconstructed jets as in the

previous section. For the partially merged topology events where the quarks from the W boson decay

merge (qq’) are moreover distinguished from events where the overlap is between one quark from the

W-decay and the b-quark (bq). The distribution for each of these topologies is indicated on the same

figure. The three topologies clearly populate different intervals of the jet mass distribution. While the

resolved topologies are concentrated at very low jet mass, for events where two or three quarks merge

the W and top mass peaks are clearly visible. The topology of the event can be estimated by dividing

the invariant mass distribution in three intervals. The estimated topology maps cleanly onto the topology

5

(left) Fraction of top quark decay products found within an anti-kt jet of radius R=0.8. (right)
Mass distribution of the lead jet in these events for different scenarios (ATLAS-PUB-2010-08)

The key is to pick apart this substructure correctly, which depends on excellent
understanding of the calorimeter signals and the jet reconstruction itself.

D.W. Miller (SLAC/U.Chicago) Hadronic event shapes and jet substructure in ATLAS (ID #473) August 9-13, 2011 11 / 12



Backup slides and additional information Boosted tops and SUSY

Searching for SUSY with substructure
In R-parity violating (RPV) SUSY, baryon number violation occurs and the decay
χ0

1 → qqq is possible, but buried under the QCD background.
Substructure-based analyses may be the only method to recover such a signal.

Y‐scale 1‐2 (y1)  Y‐scale 2‐3 (y2) 

0.08 along with requiring two other jets with pT > 135 GeV, to increase the background rejection further,
completes our event selection (Section 4). The resultant jet mass distribution is illustrated by Figure 5.

This event selection impacts our signal efficiency, however its impact is greater away from the signal

jet mass peak, which is decreased by a factor of 10. This reduction compares favourably with the large

suppression of QCD jets at a level of 103 across the jet mass range. This continuum distribution is

characterised by a turn-on from a low threshold followed by a smooth decay to higher masses, extending

beyond 200 GeV. In Figure 6 we also plot the pT distribution of jets in the signal sample passing our

event selection cuts. This distribution illustrates the transverse momentum range of the jets we have

selected as our heavy particle candidates.

If we directly compare the resulting dijet background and signal mass distribution (Figure 7) we see

that we have comparable numbers of signal and background events. Moreover, there remains a very

clear peak in the signal distribution at the mass of the neutralino, and the signal peak has not been

distorted in any unpleasant way by the substructure cuts (cut 3 defined in Section 4. The QCD mass

distribution suffers from low statistics, due to the limited Monte Carlo datasets available, leading to high

event weights. In order to reduce these event weights we would need at least an order of magnitude more

events. In real data this will not be a problem and so the errors we can expect from 1fb−1 are better
modelled by the Poisson errors, which we show in Figure 7 as the smaller of the two sets of vertical

error bars. The key to the success or failure of this analysis, since we are looking for a peak on a smooth

controlled background, simply depends however, on the amount of background underneath the signal and

on the degree to which we can measure or estimate its size and shape. We expect that by loosening our

cuts slightly, and by making use of the very large cross section for QCD production at the LHC, it should

be relatively easy to create samples very much enriched in the backgrounds. Examination of the jet-mass

distributions of such background enriched samples (from real data) would provide the primary means of

ascertaining the true shape and smoothness (or otherwise) of the underlying background distributions.

We see that for this straw model, the background has been reduced to a level at which it is of manageable

size in comparison to the signal. This suggests that models (whether supersymmetric or otherwise) which

can pair produce states with mass greater than ∼ 100GeV, with transverse momenta similar to those of
Figure 6, and where those states subsequently decay to three jets, may be observable at ATLAS.

The shape and post-selection cross-section of the QCD background are the main systematic uncertain-

ties in this analysis. For example, if the QCD background were twice as large, any signal significance
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Figure 4: y2 vs. y1 for jets with pT > 275 GeV in events with at least four jets with |η | < 2.5 (distributions
normalised to unity)

8

Approach:
1 Cluster jets with kt,

R = 0.7
2 Split the jets into the the

last (y1) and second to last
(y2) recombinations

yi = di,i+1/m2
jet

di,i+1 =
min(p2

T,i, p
2
T,i+1)R2

i,i+1/R2

3 Require pT,jet > 275 GeV

ATL-PHYS-PUB-2009-076
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