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Outline!

!   Motivation:!

•  Hard processes and precision tests of QCD!

!   Photons!

•  Reconstruction and isolation!

•  Prompt photons, diphotons and photon + jets.!

!   Jets!

•  Clustering, cleaning and energy calibration!

•  Inclusive and dijet cross sections!

! Subjets!

•  Jet mass and substructure!

•  Tagging heavy boosted topologies!

!   Conclusion!

ATLAS measurements of 
photons, jets and subjets!



Jet physics at HERA, Tevatron and LHC

Christophe Royon
IRFU-SPP, CEA Saclay, F91 191 Gif-sur-Yvette, France

1 Introduction

In this short report, we discuss the Jet Physics results and perspectives at HERA,

Tevatron and LHC. The different accelerators are complementary as shown in Fig. 1,

where the kinematical plane in (x,Q2
) is displayed (x and Q2

are respectively the

proton momentum fraction carried by the interacting parton and the transferred

energy squared carried by the virtual photon). HERA allows to reach very low values

of x at low Q2
(x ∼ 10

−6
), whereas the Tevatron (and the LHC) very high values of

Q2
at high x (Q2 ∼ 3 10

5
, 10

8
GeV

2
at the Tevatron and the LHC respectively). In

the following, we will benefit from the differences between the accelerators to assess

the proton structure in a wide kinematical domain.

Figure 1: Kinematical domain reached by the experiments at HERA, Tevatron and

LHC.

We will start this report by describing the constraints on the proton structure

(quark and gluon densities) using inclusive jets at HERA and the Tevatron. The

237
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Motivation!ATLAS measurements of 
photons, jets and subjets!

!   Why measure subjets?!

•  Jet shape is sensitive to non-perturbative 
fragmentation and underlying event.!

•  Jet substructure provides an extra handle to identify 
boosted heavy particles in searches for new physics.!

F. Kraus!

•  Precision tests of perturbative QCD in a new 
kinematic regime.!

•  Help constrain the parton densities in the proton 
(PDFs).!

•  Photon + jet is particularly sensitive to gluon content 
and photon fragmentation function.!

•  Important backgrounds for!

      Higgs (!!) and BSM.!

•  !/jet calibration.!

!   Why measure prompt photons and jets at the LHC?!

arXiv:0811.1544v1!



ergy in each pseudorapidity region. It is defined as the effi-
ciency for reconstructed (true) prompt photons, with measured
Eiso

T < 3 GeV, to pass the identification criteria mentioned
above.

Following the same method as Ref. [3], the value of εID is
determined after correcting the simulated shower shapes for the
observed average differences with respect to data. In the present
analysis, however, the corrections are estimated for unconverted
and converted photons separately. This helps to reduce the sys-
tematic uncertainties associated with the correction procedure.
The value of εID varies from 90% to 97%, depending on η and
increasing with ET. The systematic uncertainty on εID is also η
dependent, ranging from 1.5% to 3%, with contributions from:
detector simulation; background contamination; (un)converted
photon misclassification; direct/fragmentation photon fraction;
the choice of different Monte Carlo generators (MC). These un-
certainties affect the reconstruction and identification efficien-
cies in a correlated way, and are treated as such in their combi-
nation. After applying the isolation criterion and the tight selec-
tion on the shape variables, almost 173,000 photon candidates
remain in the data sample.

As in Ref. [3], a two-dimensional-sideband method is used
to estimate the background contribution from data and to mea-
sure the prompt photon signal yield. The two dimensions
are the transverse isolation energy Eiso

T and the quality of the
photon, defined by whether or not it passes the shower shape
identification criteria. On the isolation axis, the signal region
contains photon candidates with Eiso

T < 3 GeV, while the
sideband region contains non-isolated photon candidates with
Eiso

T > 5 GeV. On the other axis, the signal photon candidates
are required to pass the tight identification criteria (tight candi-
dates). Those failing the tight criteria but passing a background-
enriching subset of these criteria (non-tight candidates) are con-
tained in the sideband. A typical distribution of Eiso

T for both
tight and non-tight data is shown in Fig. 1 for photon candi-
dates with 45 GeV < ET < 55 GeV in |η| < 0.6. The non-tight
distribution is normalized to the tight one above 5 GeV where
a only small signal contamination is expected.

Corrections for the signal contamination in the background
control regions are computed using prompt photon Monte Carlo
samples. For the tight isolated signal leaking into the non-
isolated region, these are as large as 17% at high ET. Smaller
leakages of up to 6% are expected for the other two back-
ground control regions. The purity of isolated prompt pho-
tons measured with this method increases with ET from 91%
at ET = 45 GeV to close to 100% at ET > 200 GeV.

The main contributions to the uncertainty on the yields come
from the fragmentation fraction (� 8%), estimated by conserva-
tively varying the fraction from 0 to 100% in the signal sample,
and pileup (5%, with fluctuations up to 8% for 1.52 ≤ |η| <
1.81), estimated by increasing the correction to Eiso

T by 50%
both in data and simulation. This scaling of the correction min-
imizes the residual dependency of the isolation on the number
of primary vertices (i.e. pile-up) in data. The other contribu-
tions to the uncertainty are: correlated background in the two-
dimensional-sideband regions (�5% barrel and �10% endcap,
ET dependent), definition of the two-dimensional-sideband re-
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Figure 1: Distributions of Eiso
T for photon candidates with 45 GeV < ET <

55 GeV in |η| < 0.6 passing the tight (solid dots) and non-tight (open triangles)
shower-shape-based selection criteria. The non-tight distribution is normalized
to the tight distribution for Eiso

T > 5 GeV (non-isolated region), where the signal
contamination is fairly small.

gions (� 5% non-tight and 1% non-isolated), photon energy
scale (2-8%, η dependent), slightly narrower showers in simu-
lation than in data (2-5%, η and ET dependent), isolation shower
leakage corrections (1-5%), Monte Carlo generator (2%), ma-
terial effects (< 1%), and prompt electron misidentification
(∼ 0.5%, varying with ET). Globally, the uncertainties on the
photon signal yields are less than 10%, and decrease with ET.

The average differential cross-section
�
dσk

j/dEtrue
T

�
for the

production of isolated prompt photons in a bin j of Etrue
T (in-

tegrated over one true |η| bin k) is related to the signal yield
Nγ,reco,k

i (in the k’th |η| bin and i’th ET bin) by the relationship:

Nγ,reco,k
i =

��
Ldt
�
εtrigεID,k

i ×

�

j

Rk
i jε

reco,k
j ∆Etrue

T, j

� dσk
j

dEtrue
T

�
(1)

where εID,k
i is the average identification efficiency and Rk

i j is
the ET response matrix. The elements of Rk

i j are evaluated from
the ratio of the true to reconstructed ET distributions of photon
candidates, using simulated samples of isolated prompt pho-
tons. The migration from one ET bin to another is less than 10%
in most ET and η regions. A larger migration of up to 18% is
observed in the region 1.52 ≤ |η| < 1.81, where more material
is present in front of the electromagnetic calorimeter. Migra-
tions between η bins are neglected given the large bin size and
the excellent ECAL η resolution. A singular value decomposi-
tion (SVD) [20] is used to unfold the ET distribution for de-
tector effects. The regularization of the resulting unfolded dis-
tribution is tuned using simulated events and chosen to be very
loose to avoid a potential bias toward the truth reference spec-
trum. The simulation model dependence is tested with pseudo-
experiments, using Pythia and Herwig simulated samples. The

3
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Identifying isolated photons!

!   Reconstruct photon clusters using finely segmented 
liquid argon-lead sampling calorimeter!

•  Lateral and longitudinal shower shapes used to 
suppress hadronic background.!

•  9 discriminating variables with different cuts for 
converted (e+e-) and unconverted photons.!

!   Isolation requirement, ET
ISO< 3GeV!

•  Select prompt photons which deposit energy in 
small radius; unlike ISR, FSR, light neutral mesons.!

ATLAS measurements of 
photons, jets and subjets!N
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S3 “Back”!
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Prompt photons!ATLAS measurements of 
photons, jets and subjets!

Phys.Rev.D 83, 052005 (2011) !   Two papers, using 0.88 pb-1 and 35 pb-1, focus on different 
photon ET

 regions: [15-100] and [45 – 400] GeV. 
Measurements consistent in overlap bins.!

!   NLO pQCD, JETPHOX using CTEQ 6.6 PDFs!

!   Comparing different PDF sets:!

•  Disagreement below 25 GeV for central photons, |"|<1.7, good agreement above.!

•  Results helped to constrain the gluon PDF and reduce uncertainty by up to 20%:!
Nucl."Phys."B"3"311-338 (2012)!

Phys.Lett.B706 150 (2011) 
ATL-PHYS-PUB-2011-013 

http://prd.aps.org/abstract/PRD/v83/i5/e052005
http://www.sciencedirect.com/science/article/pii/S0370269311013633
https://cdsweb.cern.ch/record/1395049?ln=en
http://www.sciencedirect.com/science/article/pii/S0550321312001411
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Diphotons!ATLAS measurements of 
photons, jets and subjets!

Phys.Rev. D85, 012003 (2012)  
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! Diphoton differential cross-sections, with 37 pb-1:!
d$/dm!!% d$/dpT,!!% d$/d&'!!%

!   Generally good agreement; discrepancy with NLO at low &' (low m!!) and &' ( #%

•  Measurements comparable with those from CMS and Tevatron.!

•  Recent !!NNLO calculations improve the agreement.! arXiv:1110.2375v1 [hep-ex]!

http://prd.aps.org/abstract/PRD/v85/i1/e012003
http://arxiv.org/abs/1110.2375
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Isolated photon with jets!
!   New analysis with 37 pb-1 recently published (23 May):!

•  Prompt photon with jet provides test of large hard-scattering scales (Q2) 
over a wide range of parton momentum fractions (x).!

•  X  0.001 and 625 GeV2 < Q2 < 1.6x105 GeV2 extends to kinematic 
regions previously unexplored with this final state.!

!   Calculate cross-section separately in 6 angular configurations of jet and 
photon rapidity, to access regions of differing fragmentation contributions and 
parton momentum fractions.!

•  Jet rapidity:!

•  Central:  |"| < 1.2!

•  Forward:  1.2  |"| < 2.8!

•  Very forward: |"|  2.8!

•  Photon and jet rapidity:!

•  Same sign: "! * yj  0!

•  Opposite sign: "! * yj < 0. !

ATLAS measurements of 
photons, jets and subjets!

Phys.Rev. D85, 092014 (2012) 

Transverse energy of photon candidates,!
 before background subtraction.!

http://prd.aps.org/abstract/PRD/v85/i9/e092014
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Photon + jet cross section!ATLAS measurements of 
photons, jets and subjets!

Sa
m

e 
si

gn
!

central jet! forward jet! very forward jet!
O

pp
os

ite
 s

ig
n!

Phys.Rev. D85, 092014 (2012) 

At low ET
! < 45 GeV, NLO pQCD over-estimates measurement, as observed for prompt photon.!

http://prd.aps.org/abstract/PRD/v85/i9/e092014
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Jets in ATLAS!ATLAS measurements of 
photons, jets and subjets!

PLHC Perugia June 5-11 2011 --- Hard QCD 
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Jet reconstruction and calibration!ATLAS measurements of 
photons, jets and subjets!

UNDERSTANDING SUBSTRUCTURE WITH THE ATLAS DETECTOR

WHEN CAN KNOWLEDGE OF JET SUBSTRUCTURE HELP?

[1]  G. P. Salam, Towards Jetography, arXiv:0906.1833v2 [hep-ph]
[2]  M. Cacciari, G. P. Salam, and G. Soyez, The Anti-kT Jet Clustering Algorithm, JHEP 04 (2008) 063, arXiv:0802.1189 [hep-ph]

[3]  Y. L. Dokshitzer, G. D. Leder, S. Moretti, and B. R. Webber, Better Jet Clustering Algorithms, JHEP 08 (1997) 001, arXiv:hep-ph/9707323
[4]  ATLAS Collaboration, Measurement of Jet Mass and Substructure for Inclusive Jets in       = 7 TeV pp Collisions with the ATLAS Experiment, Tech. Rep. ATLAS-CONF-2011-073, CERN, Geneva, 2011

[5] ATLAS Collaboration, Search for the Standard Model Higgs Boson Decaying to a b-quark Pair with the ATLAS Detector at the LHC, in preparation
[6]  ATLAS Collaboration, Prospects for Early ttbar Resonance Searches in ATLAS, Tech. Rep. ATL-PHYS-PUB-2010-008, CERN, Geneva, 2011

HIGGS -> B QUARK PAIR SEARCH
Extremely promising search channel for 
boosted Higgs:

Central decay products are within 
detector acceptance
Reduced ttbar background

Boosted Higgs decay produces one jet 
composed of two merged b-jets. 

Split and filtered Cambridge-Aachen R = 1.2
jets are used to identify the Higgs decay within
the jet and thus provide discrimination from
background processes.

BOOSTED TOP IDENTIFICATION
As mass of top pair increases, 

decay products merge to 
R < 0.8:

For Mtt = 1 TeV, a 70% probability that two 
partons will merge to a cone with R = 0.8

Conventional approach: resolve the decay products 
using jets with R=0.4

Boosted approach: use a large jet (e.g. anti-kT R=1.0) 
to contain all decay products, and probe the substructure. 

The use of jet substructure is important for top measurements 
at LHC energies and vital for ttbar resonance searches. 

Key variables for discrimination of top against QCD background processes [6]: 

Leptonic 
top decay

Hadronic 
top decay

Charged
lepton

Neutrino

peak at top mass
Splitting scale: top jets split 

at energy ~ W mass
Lepton mini-isolation: 

pT of lepton divided by energy in 
cone R around the lepton, 

where l
Tp
GeVR 15Boosted tops in 2011 data

Red: anti-kT R = 0.4 jets
Green: anti-kT R = 1.0 jets

Jets measured with the calorimetry system in | | < 3.2. These large 
radius jets encompass a significant proportion of the calorimeters. 

Scintillating-tile design for hadronic processes.
Liquid argon (LAr) sampling calorimeter 
for electromagnetic processes, 
with fine granularity:

Jet of radius 1.2

COMPARISONS TO THEORETICAL MODELS
A sample of inclusive jets was collected from a 35 pb-1 of proton-proton collisions at         = 7 TeV [4]. Predictions from leading order parton 
shower Monte Carlo generators are in agreement with data, indicating that jet substructure generated by QCD radiation is well understood.  

s

Anti-kT  R = 1.0 jet mass and first splitting scale, at detector level. Cambridge-Aachen R = 1.2 split / filtered jets. 
Jet mass unfolded to particle level.

THE ATLAS CALORIMETERS

JET CONSTITUENTS

Jets are 4-vector summations of
clusters of calorimeter cells which
have significant signal to noise ratio.

Clusters are classified as EM or
hadronic based on shape, depth and

energy density.

Type-specific cluster
calibration applied 
to account for 
non-compensating 
calorimeter.

Signal to noise threshold 
for calorimeter cells of two 

clusters

JET FORMATION
Jet algorithms combine the 
clusters into jets, according 
to their pT and relative 
separation [1].

The resulting jets are formed
with a pre-defined radius, R, in - space.

Two types of jets have been used for
substructure studies to date:

Anti-kT, R = 1.0 [2]
Hardest constituents 
combined first. Gives
circular jets resilient to soft 
radiation.

Cambridge-Aachen, 
R =1.2 [3]
Closest constituents 
clustered first.

CALIBRATION
Additional correction required to restore
the true jet energy scale, additional to
that applied to the jet constituents.

ATLAS uses Monte Carlo simulations to
derive corrections to jet energy and
pseudorapidity, for standard jet sizes.

Additional correction factors
calculated for mass of these large jets,
due to the importance of their mass for
particle identification.

First Measurements of Jet Substructure in ATLAS 
Sarah Livermore on behalf of the ATLAS collaboration
2011 Europhysics Conference on High-Energy Physics

SUBSTRUCTURE VARIABLES
Jets are complicated composite objects!

Key properties currently studied in detail:

1. Jet mass: powerful for identification of the parent particle.

(sum over constituents)

2. Splitting scale: energy at which the jet splits in two. 
Distinguishes heavy particle decays from 
asymmetric QCD splittings.

3. Effect of splitting and filtering
Splitting creates two sub-jets with significantly lower mass.  Filtering then identifies 
three smaller hard jets and hence removes contamination from the underlying event.
Minimum allowed separation of the split jets will be limited to 0.3 until 
greater understanding of the detector resolution is achieved. 

Particularly effective for Higgs identification 
with symmetric decay (e.g. b quark pair)

Splitting

Filtering

Courtesy of G.P.Salam

SYSTEMATIC UNCERTAINTIES
In order to use the mass and substructure characteristics for particle identification, an estimation of the systematic uncertainty associated
with these measurements has been performed. A comparison of jets reconstructed using energy deposits in the calorimeter and tracks in the
inner detector enables an estimation of this uncertainty, since these sub-detectors have largely uncorrelated systematic effects.

Jet algorithm Energy 
scale

Mass 
scale

Energy 
resolution

Mass 
resolution

Scale of 
splitting 
scale

Resolution 
of splitting 
scale

Anti-kT R = 1.0 5 % 7 % 20 % 30 % 15 % 30 %

Cam-Aachen 
R = 1.2

5% 6 % 20 % 30 % n/a n/a

Cam-Aachen 
filtered  R = 1.2

6% 7 % 20 % 30 % n/a n/a

The ratios of masses of the two types of
jets are compared between data and
Monte Carlo. Maximum discrepancy sets
the systematic uncertainty, in this case,
on the anti-kT R = 1.0 jet mass scale.

EFFECT OF MULTIPLE INTERACTIONS

Larger jets found to have a 
greater dependence on number 
of interactions in the event, Npv.

Splitting / filtering reduces this 
dependence. The application of 
other jet grooming techniques is 
being investigated.

Jet mass distribution of split and filtered
C A, R = 1.2 jets, with pT > 180 GeV
and d W,jet > 1.2. Event selection
requires a leptonically decaying
W boson with pT > 200 GeV [5].

s

Courtesy of L. Asquith

222
iijet pEm

!   Jets are reconstructed as 4-vector summations of noise-
suppressed 3D clusters, grouped by a clustering algorithm:!

•  Anti-kT, hardest constituent first; circular jet resilient to soft 
radiation. [standard in ATLAS, typically, R=0.4 or R=0.6]!

•  Cambridge-Aachen, closest constituents first. [used in jet 
substructure and boosted object studies, R=1.2]!

!   Jet calibration restores the jet energy scale (JES)!

•  Correct for non-compensating calorimeters, dead material, out-
of-cone effects, pile-up.!

•  <5% JES uncertainty, validated in situ with Z+jet pT balance:%

C
ac

ci
ar

i, 
Sa

la
m

, S
oy

ez
!

JH
EP

 0
80

4:
06

3,
20

08
!

UNDERSTANDING SUBSTRUCTURE WITH THE ATLAS DETECTOR

WHEN CAN KNOWLEDGE OF JET SUBSTRUCTURE HELP?

[1]  G. P. Salam, Towards Jetography, arXiv:0906.1833v2 [hep-ph]
[2]  M. Cacciari, G. P. Salam, and G. Soyez, The Anti-kT Jet Clustering Algorithm, JHEP 04 (2008) 063, arXiv:0802.1189 [hep-ph]

[3]  Y. L. Dokshitzer, G. D. Leder, S. Moretti, and B. R. Webber, Better Jet Clustering Algorithms, JHEP 08 (1997) 001, arXiv:hep-ph/9707323
[4]  ATLAS Collaboration, Measurement of Jet Mass and Substructure for Inclusive Jets in       = 7 TeV pp Collisions with the ATLAS Experiment, Tech. Rep. ATLAS-CONF-2011-073, CERN, Geneva, 2011

[5] ATLAS Collaboration, Search for the Standard Model Higgs Boson Decaying to a b-quark Pair with the ATLAS Detector at the LHC, in preparation
[6]  ATLAS Collaboration, Prospects for Early ttbar Resonance Searches in ATLAS, Tech. Rep. ATL-PHYS-PUB-2010-008, CERN, Geneva, 2011

HIGGS -> B QUARK PAIR SEARCH
Extremely promising search channel for 
boosted Higgs:

Central decay products are within 
detector acceptance
Reduced ttbar background

Boosted Higgs decay produces one jet 
composed of two merged b-jets. 

Split and filtered Cambridge-Aachen R = 1.2
jets are used to identify the Higgs decay within
the jet and thus provide discrimination from
background processes.

BOOSTED TOP IDENTIFICATION
As mass of top pair increases, 

decay products merge to 
R < 0.8:

For Mtt = 1 TeV, a 70% probability that two 
partons will merge to a cone with R = 0.8

Conventional approach: resolve the decay products 
using jets with R=0.4

Boosted approach: use a large jet (e.g. anti-kT R=1.0) 
to contain all decay products, and probe the substructure. 

The use of jet substructure is important for top measurements 
at LHC energies and vital for ttbar resonance searches. 

Key variables for discrimination of top against QCD background processes [6]: 

Leptonic 
top decay

Hadronic 
top decay

Charged
lepton

Neutrino

peak at top mass
Splitting scale: top jets split 

at energy ~ W mass
Lepton mini-isolation: 

pT of lepton divided by energy in 
cone R around the lepton, 

where l
Tp
GeVR 15Boosted tops in 2011 data

Red: anti-kT R = 0.4 jets
Green: anti-kT R = 1.0 jets

Jets measured with the calorimetry system in | | < 3.2. These large 
radius jets encompass a significant proportion of the calorimeters. 

Scintillating-tile design for hadronic processes.
Liquid argon (LAr) sampling calorimeter 
for electromagnetic processes, 
with fine granularity:

Jet of radius 1.2

COMPARISONS TO THEORETICAL MODELS
A sample of inclusive jets was collected from a 35 pb-1 of proton-proton collisions at         = 7 TeV [4]. Predictions from leading order parton 
shower Monte Carlo generators are in agreement with data, indicating that jet substructure generated by QCD radiation is well understood.  

s

Anti-kT  R = 1.0 jet mass and first splitting scale, at detector level. Cambridge-Aachen R = 1.2 split / filtered jets. 
Jet mass unfolded to particle level.

THE ATLAS CALORIMETERS

JET CONSTITUENTS

Jets are 4-vector summations of
clusters of calorimeter cells which
have significant signal to noise ratio.

Clusters are classified as EM or
hadronic based on shape, depth and

energy density.

Type-specific cluster
calibration applied 
to account for 
non-compensating 
calorimeter.

Signal to noise threshold 
for calorimeter cells of two 

clusters

JET FORMATION
Jet algorithms combine the 
clusters into jets, according 
to their pT and relative 
separation [1].

The resulting jets are formed
with a pre-defined radius, R, in - space.

Two types of jets have been used for
substructure studies to date:

Anti-kT, R = 1.0 [2]
Hardest constituents 
combined first. Gives
circular jets resilient to soft 
radiation.

Cambridge-Aachen, 
R =1.2 [3]
Closest constituents 
clustered first.

CALIBRATION
Additional correction required to restore
the true jet energy scale, additional to
that applied to the jet constituents.

ATLAS uses Monte Carlo simulations to
derive corrections to jet energy and
pseudorapidity, for standard jet sizes.

Additional correction factors
calculated for mass of these large jets,
due to the importance of their mass for
particle identification.

First Measurements of Jet Substructure in ATLAS 
Sarah Livermore on behalf of the ATLAS collaboration
2011 Europhysics Conference on High-Energy Physics

SUBSTRUCTURE VARIABLES
Jets are complicated composite objects!

Key properties currently studied in detail:

1. Jet mass: powerful for identification of the parent particle.

(sum over constituents)

2. Splitting scale: energy at which the jet splits in two. 
Distinguishes heavy particle decays from 
asymmetric QCD splittings.

3. Effect of splitting and filtering
Splitting creates two sub-jets with significantly lower mass.  Filtering then identifies 
three smaller hard jets and hence removes contamination from the underlying event.
Minimum allowed separation of the split jets will be limited to 0.3 until 
greater understanding of the detector resolution is achieved. 

Particularly effective for Higgs identification 
with symmetric decay (e.g. b quark pair)

Splitting

Filtering

Courtesy of G.P.Salam

SYSTEMATIC UNCERTAINTIES
In order to use the mass and substructure characteristics for particle identification, an estimation of the systematic uncertainty associated
with these measurements has been performed. A comparison of jets reconstructed using energy deposits in the calorimeter and tracks in the
inner detector enables an estimation of this uncertainty, since these sub-detectors have largely uncorrelated systematic effects.

Jet algorithm Energy 
scale

Mass 
scale

Energy 
resolution

Mass 
resolution

Scale of 
splitting 
scale

Resolution 
of splitting 
scale

Anti-kT R = 1.0 5 % 7 % 20 % 30 % 15 % 30 %

Cam-Aachen 
R = 1.2

5% 6 % 20 % 30 % n/a n/a

Cam-Aachen 
filtered  R = 1.2

6% 7 % 20 % 30 % n/a n/a

The ratios of masses of the two types of
jets are compared between data and
Monte Carlo. Maximum discrepancy sets
the systematic uncertainty, in this case,
on the anti-kT R = 1.0 jet mass scale.

EFFECT OF MULTIPLE INTERACTIONS

Larger jets found to have a 
greater dependence on number 
of interactions in the event, Npv.

Splitting / filtering reduces this 
dependence. The application of 
other jet grooming techniques is 
being investigated.

Jet mass distribution of split and filtered
C A, R = 1.2 jets, with pT > 180 GeV
and d W,jet > 1.2. Event selection
requires a leptonically decaying
W boson with pT > 200 GeV [5].
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Courtesy of L. Asquith
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ATLAS-CONF-2011-032!

ATLAS-CONF-2011-159!

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-032/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-159/
http://iopscience.iop.org/1126-6708/2008/04/063/
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Inclusive jet and dijets, 37 pb-1!

!   Final 2010 paper                      
extends kinematic reach of first 
publication (EPJC 71.1512):!

•  17 nb-1 → 37 pb-1!

•  Max jet pT: 600 GeV → 1.5TeV!

•  Low pT: 60 GeV → 20 GeV!

•  Max dijet mass, m12: 1.8 → 4.8 TeV!

•  Forward rapidity: |y| < 2.8 → 4.4!

ATLAS measurements of 
photons, jets and subjets!

!   Measure inclusive jet cross section for jet 
rapidity, |y|< 4.4 and 20 <pT<1500 GeV.!

•  Data agrees well with NLO pQCD 
prediction over many orders of 
magnitude.!

arXiv:1112.6297!

http://arxiv.org/abs/1112.6297
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Inclusive jets  37pb-1!ATLAS measurements of 
photons, jets and subjets!

!   Comparison with NLO pQCD (including non-pQCD corrections)!

•  Measured cross-section in agreement with NLO pQCD predictions!

•  Data at edge of phase space promises to further constrain gluon PDFs 
(in pT limited region, where no new physics is expected).!
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Dijet cross-sections  37 pb-1!

!   Dijet double differential cross 
section, in bins of half the rapidity 
separation between leading jets:     
y* = |y1 – y2| / 2 < 4.4.  Anti-kT, R=0.6!

ATLAS measurements of 
photons, jets and subjets!

arXiv:1112.6297!

http://arxiv.org/abs/1112.6297
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High mass dijets  4.8 fb-1!

!   Dijet mass: 260 GeV < m12 < 4.6 TeV, y* < 2.5!

!   Negative trend in data emerging at large y* and 
m12 (up to 40%).!

•  POWHEG showered with Pythia 6 
describes the data better than NLOJET++!

ATLAS measurements of 
photons, jets and subjets!

ATLAS-CONF-2012-021!

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-021/
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Introduction

Analyses

Conclusions

Inclusive jet analyses

Track jet analyses

Heavy flavour jet analyses

Boosted jet analyses

Boosted Objects

Jets are composite objects.

The internal structure of jets

contains additional information

about their origin.

The effects of multiple

proton-proton interactions can, to

some extent, be filtered out.

Stephen Bieniek Measurements of jet production in pp collisions with the ATLAS detector 16 / 19
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Jet mass and substructure!

!   Jets are composite objects:!

•  Jets formed from two- and three- body decays have different 
internal structure to quark / gluon initiated jets.!

•  Boosted objects can be identified by jet substructure and 
suppress background QCD.!

•  Studies of jet substructure motivated by boosted H(bb):!

•  Also a test of non-perturbative effects like fragmentation 
and hadronisation.!

ATLAS measurements of 
photons, jets and subjets!

!   Several ATLAS publications to date:!

•  Jet shapes:!

•  Jet fragmentation:!

•  Jet mass and substructure variables:!

•  Jets properties for boosted objects:!
ATLAS-CONF-2011-103!

UNDERSTANDING SUBSTRUCTURE WITH THE ATLAS DETECTOR

WHEN CAN KNOWLEDGE OF JET SUBSTRUCTURE HELP?

[1]  G. P. Salam, Towards Jetography, arXiv:0906.1833v2 [hep-ph]
[2]  M. Cacciari, G. P. Salam, and G. Soyez, The Anti-kT Jet Clustering Algorithm, JHEP 04 (2008) 063, arXiv:0802.1189 [hep-ph]

[3]  Y. L. Dokshitzer, G. D. Leder, S. Moretti, and B. R. Webber, Better Jet Clustering Algorithms, JHEP 08 (1997) 001, arXiv:hep-ph/9707323
[4]  ATLAS Collaboration, Measurement of Jet Mass and Substructure for Inclusive Jets in       = 7 TeV pp Collisions with the ATLAS Experiment, Tech. Rep. ATLAS-CONF-2011-073, CERN, Geneva, 2011

[5] ATLAS Collaboration, Search for the Standard Model Higgs Boson Decaying to a b-quark Pair with the ATLAS Detector at the LHC, in preparation
[6]  ATLAS Collaboration, Prospects for Early ttbar Resonance Searches in ATLAS, Tech. Rep. ATL-PHYS-PUB-2010-008, CERN, Geneva, 2011

HIGGS -> B QUARK PAIR SEARCH
Extremely promising search channel for 
boosted Higgs:

Central decay products are within 
detector acceptance
Reduced ttbar background

Boosted Higgs decay produces one jet 
composed of two merged b-jets. 

Split and filtered Cambridge-Aachen R = 1.2
jets are used to identify the Higgs decay within
the jet and thus provide discrimination from
background processes.

BOOSTED TOP IDENTIFICATION
As mass of top pair increases, 

decay products merge to 
R < 0.8:

For Mtt = 1 TeV, a 70% probability that two 
partons will merge to a cone with R = 0.8

Conventional approach: resolve the decay products 
using jets with R=0.4

Boosted approach: use a large jet (e.g. anti-kT R=1.0) 
to contain all decay products, and probe the substructure. 

The use of jet substructure is important for top measurements 
at LHC energies and vital for ttbar resonance searches. 

Key variables for discrimination of top against QCD background processes [6]: 

Leptonic 
top decay

Hadronic 
top decay

Charged
lepton

Neutrino

peak at top mass
Splitting scale: top jets split 

at energy ~ W mass
Lepton mini-isolation: 

pT of lepton divided by energy in 
cone R around the lepton, 

where l
Tp
GeVR 15Boosted tops in 2011 data

Red: anti-kT R = 0.4 jets
Green: anti-kT R = 1.0 jets

Jets measured with the calorimetry system in | | < 3.2. These large 
radius jets encompass a significant proportion of the calorimeters. 

Scintillating-tile design for hadronic processes.
Liquid argon (LAr) sampling calorimeter 
for electromagnetic processes, 
with fine granularity:

Jet of radius 1.2

COMPARISONS TO THEORETICAL MODELS
A sample of inclusive jets was collected from a 35 pb-1 of proton-proton collisions at         = 7 TeV [4]. Predictions from leading order parton 
shower Monte Carlo generators are in agreement with data, indicating that jet substructure generated by QCD radiation is well understood.  

s

Anti-kT  R = 1.0 jet mass and first splitting scale, at detector level. Cambridge-Aachen R = 1.2 split / filtered jets. 
Jet mass unfolded to particle level.

THE ATLAS CALORIMETERS

JET CONSTITUENTS

Jets are 4-vector summations of
clusters of calorimeter cells which
have significant signal to noise ratio.

Clusters are classified as EM or
hadronic based on shape, depth and

energy density.

Type-specific cluster
calibration applied 
to account for 
non-compensating 
calorimeter.

Signal to noise threshold 
for calorimeter cells of two 

clusters

JET FORMATION
Jet algorithms combine the 
clusters into jets, according 
to their pT and relative 
separation [1].

The resulting jets are formed
with a pre-defined radius, R, in - space.

Two types of jets have been used for
substructure studies to date:

Anti-kT, R = 1.0 [2]
Hardest constituents 
combined first. Gives
circular jets resilient to soft 
radiation.

Cambridge-Aachen, 
R =1.2 [3]
Closest constituents 
clustered first.

CALIBRATION
Additional correction required to restore
the true jet energy scale, additional to
that applied to the jet constituents.

ATLAS uses Monte Carlo simulations to
derive corrections to jet energy and
pseudorapidity, for standard jet sizes.

Additional correction factors
calculated for mass of these large jets,
due to the importance of their mass for
particle identification.

First Measurements of Jet Substructure in ATLAS 
Sarah Livermore on behalf of the ATLAS collaboration
2011 Europhysics Conference on High-Energy Physics

SUBSTRUCTURE VARIABLES
Jets are complicated composite objects!

Key properties currently studied in detail:

1. Jet mass: powerful for identification of the parent particle.

(sum over constituents)

2. Splitting scale: energy at which the jet splits in two. 
Distinguishes heavy particle decays from 
asymmetric QCD splittings.

3. Effect of splitting and filtering
Splitting creates two sub-jets with significantly lower mass.  Filtering then identifies 
three smaller hard jets and hence removes contamination from the underlying event.
Minimum allowed separation of the split jets will be limited to 0.3 until 
greater understanding of the detector resolution is achieved. 

Particularly effective for Higgs identification 
with symmetric decay (e.g. b quark pair)

Splitting

Filtering

Courtesy of G.P.Salam

SYSTEMATIC UNCERTAINTIES
In order to use the mass and substructure characteristics for particle identification, an estimation of the systematic uncertainty associated
with these measurements has been performed. A comparison of jets reconstructed using energy deposits in the calorimeter and tracks in the
inner detector enables an estimation of this uncertainty, since these sub-detectors have largely uncorrelated systematic effects.

Jet algorithm Energy 
scale

Mass 
scale

Energy 
resolution

Mass 
resolution

Scale of 
splitting 
scale

Resolution 
of splitting 
scale

Anti-kT R = 1.0 5 % 7 % 20 % 30 % 15 % 30 %

Cam-Aachen 
R = 1.2

5% 6 % 20 % 30 % n/a n/a

Cam-Aachen 
filtered  R = 1.2

6% 7 % 20 % 30 % n/a n/a

The ratios of masses of the two types of
jets are compared between data and
Monte Carlo. Maximum discrepancy sets
the systematic uncertainty, in this case,
on the anti-kT R = 1.0 jet mass scale.

EFFECT OF MULTIPLE INTERACTIONS

Larger jets found to have a 
greater dependence on number 
of interactions in the event, Npv.

Splitting / filtering reduces this 
dependence. The application of 
other jet grooming techniques is 
being investigated.

Jet mass distribution of split and filtered
C A, R = 1.2 jets, with pT > 180 GeV
and d W,jet > 1.2. Event selection
requires a leptonically decaying
W boson with pT > 200 GeV [5].
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ATLAS-CONF-2012-044!

JHEP 05 (2012) 128!

Phys. Rev. D83 (2011) 052003!

Eur. Phys. J. C 71 (2011) 1795!

http://prd.aps.org/abstract/PRD/v83/i5/e052003
http://www.springerlink.com/content/n2233724322g7562/
http://www.springerlink.com/content/kq10641722g1x762/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-044/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-103/
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Jet mass and substructure!
!   Measure mass of jets, clustered by anti-kT R=1.0 and 

Cambridge-Aachen R=1.2.!

•  Jet pT 200 - 600 GeV,  |y|<2!

!   NLO predictions generally agree with overall shape:!

•  Pythia tends to be too soft.!

•  Herwig++ tends to be too hard.!

!   Applying splitting and filtering improves the agreement.!

ATLAS measurements of 
photons, jets and subjets!

JHEP 05 (2012) 128!
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PRL 100, 242001 (2008)!

http://www.springerlink.com/content/kq10641722g1x762/
http://prl.aps.org/abstract/PRL/v100/i24/e242001
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Properties of boosted jets!
!   Variables designed for new physics searches are generally well modelled by 

Pythia, while Herwig++ 2.4.2 predicts a more isotropic energy flow.!

ATLAS measurements of 
photons, jets and subjets!

ATLAS-CONF-2012-044! JHEP 05 (2012) 128!

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-044/
http://www.springerlink.com/content/kq10641722g1x762/
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Pile-up corretions!ATLAS measurements of 
photons, jets and subjets!

!   Correct overlap from multiple proton-
proton interactions:!

•  Data-driven complementary cone 
method applied to individual variables.!

•  Splitting and filtering largely eliminates 
dependence of jet mass on pile-up.!

Phys. Rev. D 84, 114025 (2011)!

ATLAS-CONF-2012-044!
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PRL 100, 242001 (2008)!

http://prl.aps.org/abstract/PRL/v100/i24/e242001
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-044/
http://www.springerlink.com/content/kq10641722g1x762/
http://prd.aps.org/abstract/PRD/v84/i11/e114025
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Summary and outlook!

!   Comprehensive measurements of photons, jets and subjets provide precision 
tests of perturbative QCD in a new kinematic regime.!

!   Photon and diphoton cross-sections highlight regions where modelling can be 
improved, e.g. low ET

!< 45 GeV region.!

•  Inputs helped to constrain gluon PDFs and reduce uncertainty by up to 20%. !

•  Diphoton: !!NNLO needed for best agreement.!

!   Extended range of inclusive and dijet cross-sections measurements with 2010 
and 2011 data:!

•  Good agreement with NLO pQCD over many orders of magnitude.!

•  Parton shower tunes constrained for high mass dijets.!

!   Many jet substructure observables have been measured in 2010 data:!

•  Great progress in understanding jet substructure techniques.!

•  Useful for identifying boosted hadronic topologies in searches for new 
physics in 2011 and 2012 data.!

ATLAS measurements of 
photons, jets and subjets!
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Back up!ATLAS measurements of 
photons, jets and subjets!
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Further studies!

!   Jets with flavour:!

•  Measurements of D*+/- meson production in jets:!

!  see poster by Andrea Ferretto Parodi: "“Measuring the b-jet tagging 
efficiency on c-jets containing D* mesons with ATLAS data”!

•  b-jet inclusive and dijet cross-sections:!

!  see Peter Krieger’s talk: “Inclusive jet and multijet physics”!

ATLAS measurements of 
photons, jets and subjets!

Eur.Phys.J.C 71 (2011) 1846!

Phys. Rev. D85 (2012) 052005!

http://prd.aps.org/abstract/PRD/v85/i5/e052005
http://www.springerlink.com/content/q3298281418g5744/

