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Outline 

•  Why boosted tops?  
–  An introduction 

•  Boosted top prospects at ATLAS 
–  MC studies for resonances (ATL-PHYS-PUB-2010-008, 16/7/10) 

•  Where we are with current data? 
–  Jet substructure (SM note out just today, so plots from Twiki: 

AtlasPublic/JetEtmissApproved2010JetPropertyPlots, 5/2/11) 
–  Resolved ttbar resonances (ATLAS-CONF-2011-070, 6/5/11) 

•  Conclusion 
•  Backup 

–  CDF boosted top search 
–  CMS jet substructure for top-tagging 
–  CMS ditop search in 2010 data 
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What is Boost? 

•  LHC is a heavy and boosted object factory! 
•  Sources and reasons: 

–  Something heavy (e.g. Z’) decays to something lighter (t,W/
Z,H,. . .), which is then naturally boosted 

–  A new light particle (H, χ0, . . .) emerges more clearly above 
backgrounds when produced boosted 

•  Signatures:  
– Merged/collimated decay products, large displaced vertices, ... 

•  Concerns:  
–  Standard algorithms may fail, background estimation 
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Boosted Objects in the ATLAS Detector 

•  ATLAS is well-prepared for boosted objects 
–  High granularity calorimeter and precision tracking to exploit 

new techniques for efficient reconstruction 

•  An interplay between BSM (massive objects) and SM (jet 
substructure and QCD) groups -> QCD for BSM 

•  ATLAS has a boosted objects group 

44 
m 

22 m 
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Boosted Jet Techniques 

• Reminder: ATLAS jet finding default is anti-kT (R=0.4 or 0.6) 
–  Infra-red safe and considered robust against noise, etc.. 

• For a parent with m and pT, merging starts showing at R> 2m/pT 
–  Use jet mass for parent and jet substructure to resolve merging  
–  Apply further tagging criteria 

• Recombination algorithms favoured for jet substructure 
• kT algorithm:  

–  recombination intrinsically ordered in pT scale:  

   dij  = min(pTi
2,pTj

2) * ΔRij
2/R2 

–  For subjet analysis, undo last merging: 
–  Define  y-value  yn = dij / pT

2 (sometimes m2) where dij is the kT splitting 
level from the last (n-th last) merging 

–  Get the y-scale at which the jet would split into 2 subjets. 

• Cambridge/Aachen algorithm (C/A): 
–  Similar to kT but ordering is in angles, not pT. 
–  Clustering stops when all jets separated by a prescribed η-φ distance R 
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Boosted Top Quarks 

•  Top quark plays a special role in many EWSB BSM, due to mtop~ MEWSB 
•  LHC energy and luminosity: physics involving energetic tops in the final 

state possible 
•  ~15 % of pp -> tt events has at least one top quark with pT > mtop 
•  At high top pT, top may get reconstructed as one fat-jet (~75% within 

dR<0.4 for 1TeV top) 

Standard semileptonic ttbar selection  Merged top jet in a single cone 
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Boosted Top Quarks 

      B. Esposito (INFN) 

Standard semileptonic ttbar selection  

T. Isobe 

Merged top jet in a single cone 

•  Top quark plays a special role in many EWSB BSM, due to mtop~ MEWSB 
•  LHC energy and luminosity: physics involving energetic tops in the final 

state possible 
•  ~15 % of pp -> tt events has at least one top quark with pT > mt 
•  At high top pT, the top may get reconstructed as one fat jet (~75% within 

dR<0.4 for 1TeV top) 
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•  A reason: In resolved approach (no partons merged) 
signal efficiency drops drastically at high mass. 

•  Restore this by using merged approach, i.e, looking for 
top fat mono-jets 

Z' → tt 
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Top-tagging 

•  Various “top-tagging” techniques developed 
•  Boost2010 report for a performance comparison of most widely-

used taggers and provide benchmarks. 
–  Configure a number of popular taggers for optimal hadronic top-tagging 

performance at given target efficiency 

For more on boosted tops, see Boost2010 report arXiv:1012.5412 

εQCD vs εtop, MC 
Boost2010 
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Top-tagging 

•  Various “top-tagging” techniques developed 
•  Boost2010 report for a performance comparison of most widely-

used taggers and provide benchmarks. 
–  Configure a number of popular taggers for optimal hadronic top-tagging 

performance at given target efficiency 

For more on boosted tops, see Boost2010 report arXiv:1012.5412 

εQCD vs εtop, MC 
Boost2010 

G. Salam (2010) 
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Example BSM Boosted Top Quarks 

•  Resonance production 
–  KK gluon from RS ED(M < 4 TeV) 

•  advantage due to higher rates from strong coupling :σ=O(10pb), 
for MKKg = 1 TeV 

•  enhanced BR to tops → source of boosted tops 
•  Broad resonances (width ~20% of mass) 

•  Also single t production with t,b,g ... association from 
W’, excited strings, technicolor, ... 
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•  Top pair resonances in semileptonic 
channel for fully-resolved, partially-
merged and fully merged (mono-jet) 
events 

•  Here, concentrate on mono-jets, 
expected at Mditop > 1.5 TeV 

•  Resonance signals (1 ≤ M ≤ 2 TeV): 
–  Z’: narrow, spin 1, colour singlet 
–  RS graviton: narrow, spin 2, colour singlet 
–  RS gluon: wide, spin 1, colour octet 

•  Use “top-tagging” for background 
discrimination 
–  Hadronic top: a 3- prong fat jet with 

substructure 
–  Leptonic top: a merged lepton + a b-quark 
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•  Use a fat “mono-jet” to increase the yield of top quarks 
and resolution of resonances 
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Hadronic top mono-jet reconstruction 
•  Anti-kT jet algorithm (a large jet size of R =1.0) 
•  Procedure: Start with a fat-jet, split it and explore 

tagging variables for 3 subjet structure 
–  Techniques avoid combinatorics, increase sensitivity and 

provide good performance down to ~ 1 TeV reach 

•  Tagging variables used: 
–  Qjet : mass of the hadronic top jet 
–  zcut : energy sharing between 

subjects  
–  QW : invariant mass of the subjet 

pair with lowest mass, after 
splitting into 3 subjets 

B
as

el
in

e 
cu

t 
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Leptonic top reconstruction 
•  Search for a lepton (e or µ) and a jet (b-quark) 
•  Leptons define the trigger path 
•  Selection exploring variables for leptonic top structure 

•  Tagging variables used: 
–  Qvis : mass of the leptonic top jet 
–  DR (l,j) 
–  xl: invariant mass carried by 

leptonic activity 
–  zl = El / Ej 

–  iso – relative energy in a 0.2 cone 
around the lepton 

B
as

el
in

e 
 µ

 

B
as

el
in

e 
 e
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Overall efficiency and rejection rates 

Signal reconstruction efficiency & 
(QCD dijet) background rejection  
(R = 1−e) for hadronic top decay 
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Benchmark signal efficiencies per reconstruction method 
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•  New cross section limits for Z'-like resonances  ~3 pb for M =1 TeV. 
Slightly better limits for spin-2 RS KK Gravitons 

•  A factor of ~2 increased sensitivity with mono-jets wrt minimal (ie no 
top reconstruction) for M= 2 TeV 



19 

M
.K

ar
ag

öz
 –

 Io
P 

ha
lf-

da
y 

@
 Q

M
U

L 
B

oo
st

ed
 T

op
s 

at
 A

TL
A

S
  

18
/5

/2
01

1 

•  Exclusion possible with 200 pb-1 @ 10 TeV for KK gluon at ~ 
1 TeV mass.  
–  compatible with 1 fb-1 @ 7 TeV 
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•  Measure mass and substructure related quantities in QCD 
•  Crucial to get ready for boosted BSM analyses 
•  Jet mass sensitive to pile up (use track information) 

pT ratio of 2nd hardest sub-jet  (kT with R=0.3) 
to the parent jet (anti-kt with R=1.0) . Crucial 
parameter in “pruning”. 

Mean jet mass as a function of pT. Prior to 
pile-up filtering using jet-ver tex fraction, mass 
~ 10% higher than events with Npv=1. After 
JVF, agreement with Npv=1 events is < few % 
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•  ATLAS looked for anomaly in ditop spectrum in 2010 
data with 33 pb-1 

•  Simple whole mass reconstruction from semi-leptonic 
ditop products 

•  Follow top observation paper recipe 

•  ~ 500 events observed 
•  Highest mass at 1.7 TeV 

•  Well above Tevatron 
•  Getting into boosted 

regime! 
•  Use full shape of mass 

distribution for limits 
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•  95% C.L. Limits ~ 55 pb to 2.2 pb for mZ = 0.5 TeV to 1.0 TeV. 
•  No sensitivity to benchmark leptophobic topcolor Z’ 

•  Exclude m < 2.35 TeV for Quantum black holes 
•  Will improve with 2011 data (in approval) 
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A high mass ttbar candidate 

(boosted) 
High-mass event (714 GeV). Decay products collimated due to top 
quark boosts, but still distinguishable using standard reconstruction 
algorithms.  
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Conclusion & Outlook 

•  LHC energies open up new channels and signatures for BSM with 
top for which ATLAS has a very rich discovery potential. 

•  We have been exploiting techniques to efficiently reconstruct 
boosted tops and other particles  

•  Estimated prospects for BSM in ditop resonances. 
•  Looking at data for boosted particle identification and jet 

substructure to be used in analysis. 
•  Performed a search for resolved ditop resonances in lepton+jets 

channel in 33 pb-1. No sensitivity to the leptophobic Z’ from 
topcolor models yet but exclude quantum black holes with m < 
2.35 TeV @ 95% C.L. 

•  Boosted top resonance searches have started. Resolved ditop 
analysis is being repeated with 2011 data, using > 100 pb-1. 
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The image cannot be displayed. Your computer may not have 
enough memory to open the image, or the image may have been 
corrupted. Restart your computer, and then open the file again. If 
the red x still appears, you may have to delete the image and then 
insert it again. BACKUP 
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Selection Criteria for boosted 

ditop search 
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•  Boosted top search in high pT jets in 6 fb-1 
•  58 candidate events in a sample when required two massive jets or 

one massive jet with significant missing transverse energy, with an 
estimated background of 44 +- 8 (stat) +- 13 (syst) events 

Ntop > 0 with pT > 400 GeV, σ < 40 fb at 95% CL (SM prediction 4.55 fb) 
A pair of massive objects with pT > 400 GeV, σ < 20 fb at 95% CL  
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•  Top and W tagging tested on 36 pb-1 of data during 2010.  
•  Cambridge-Aachen R = 0.8 jets, with 2 decomposition stages and 3 subjet 
variables for top-tagging. 
•  Three of two variables are shown 



29 

M
.K

ar
ag

öz
 –

 Io
P 

ha
lf-

da
y 

@
 Q

M
U

L 
B

oo
st

ed
 T

op
s 

at
 A

TL
A

S
  

18
/5

/2
01

1 
CMS ditop search in 2010 data 

•  Search for massive neutral bosons decaying via a top-antitop quark pair based 
on 36 pb-1 of data during 2010.  
•  Combined analysis of the muon plus jets and electron plus jets decay modes 
•  Observed limits range from approximately 25 pb at a Z0 mass of 500 GeV to 
approximately 7 pb at 1 TeV 
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•  Benchmark limit on narrow Z’ 
ttbar resonance 

•  Standard M(ttbar) 
reconstruction in lepton+jets 

•  Worse sensitivity at higher 
mass due to drop in 
reconstruction efficiency 

Cross section limit~ 7 pb for 
M = 1 TeV resonance in 1 fb-1 

•  Using subjet technique, 
possible to improve the 
limits at the interesting 
mass region 

Limits for M = 2(3) TeV Z’ 
in 1 fb−1  ~ 550 (160) fb 
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44 m 

22 m 

ATLAS Detector Specifics 

A toroidal LHC  
apparatus 
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Comparison of detectors 

ATLAS  CMS 

MAGNET (S) 
Air-core toroids + solenoid in inner cavity  
4 magnets 
Calorimeters in field-free region 

Solenoid 
Only 1 magnet  
Calorimeters inside field 

TRACKER 
Si pixels+ strips 
TRT → particle identification 
B=2T 
σ/pT ~ 5x10-4 pT ⊕ 0.01 

Si pixels + strips 
No particle identification 
B=4T   
σ/pT ~ 1.5x10-4 pT ⊕ 0.005 

EM CALO 
Pb-liquid argon 
σ/E ~ 10%/√E      uniform 
longitudinal segmentation 

PbWO4 crystals  
σ/E ~ 2-5%/√E 
no longitudinal segm. 

MUON  Air →  σ/pT ~ 7 % at 1 TeV 
standalone 

Fe → σ/pT ~ 5% at 1 TeV 
combining with tracker 

HAD CALO Fe-scint.  + Cu-liquid argon (10 λ)  
σ/E ~ 50%/√E ⊕ 0.03  

Cu-scint.  (> 5.8 λ +catcher) 
σ/E ~ 100%/√E ⊕ 0.05 

F. Gianotti, Ichep06 
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the CMS detector 

Tracker: 

σ/pT ≈ 1.5 ×10-4 pT ⊕ 0.005 

EM Calorimeter:  

σ/E ≈ 3%/√E(GeV) ⊕ 0.5% 

Hadron Calorimeter:  

σ/E ≈ 100% / √E(GeV) ⊕ 5% 

Muon Spectrometer: 

σ/pT ≈ 5% at 1 TeV/c (from Tracker) 
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charged 
particles 

The Transition Radiation detector (TRT) 
Transition radiation is emitted whenever a relativistic 
charged particle traverses the border between  
two media with different dielectric constants. 
TR intensity is proportional to the particle γ-factor 
→ for a given particle momentum p, electrons emit 
more TR than pions → TR detectors used for 
particle identification 

Radiator: Polypropylen foils (15 µ) 
interleaved with straws  

Foil 

Anode wire 

Xe 

straw 

HV - 
  Energy of TR photons  
  (proportional to ε1-ε2):  
  ~ 10-30 keV (X-rays) 
  Many crossings of  
   polypropylene foils 
  (radiator) to increase  
   TR photons 
  Xenon as active gas  
  for high X-ray absorption 
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Immersed in a solenoid field of 2 Tesla measures the 
trajectories of charged particles. 
The ID comprises 3 sub-detectors: (resolution) 
Pixel :                                           10/115 µm in Rϕ/z 
Silicon strip(SCT):                         17/580 µm 
Transition radiation tracker (TRT):       130µm in Rϕ 

The ID covers : |η| < 2.5 (2.0 for TRT) with 3 Pixel  
measurements, 8 SCT and ~30 TRT. 

Designed for tracking efficiency >90% (π) and 99% (µ) , 
momentum measurement with σpT /pT = 0.05% pT ⊕1% and 
impact parameter (at high p) = 10µm 
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•  Measure the energy deposit (therefore also the eventual inbalance = 
missing ET) 

•  Electromagnetic calorimeter (LAr): 
–  Precise measurement of the energy deposit of photons and electrons 

(and hadrons (HEC) outside the acceptance of the Tile) 
–  coverage |η|< 4.9 

•  Hadronic calo (Tile): 
–  Measurement of energy  
     deposit of hadrons 
–  coverage |η|<1.7 
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•  Immersed in a toroidal magnetic field of ~ 0.5 T (3x8 superconducting 
toroids) 

•  Precision measurement chambers and trigger chambers 
–  MDT (Monitored Drift Tubes) 
–  RPC (Resistive Plate Ch.) 
–  CSC (Cathode Strip Chambers) 
–  TGC (Thin-Gap Chambers) 

•  coverage |η|<2.7 
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Realistic RS Models: Bulk RS 

•  Current favourite model building in RS  
•  EWSB with bulk matter fields & KK modes for SM particles 
•  Solves more than gravity hierarchy problem 

–  Gauge hierarchy problem, Fermion mass hierarchy, Gauge Higgs 
Unification, …. 

•  New physics couples with stronger coupling to heavier SM 
particles (Top, H, VL) 

•  Arrange zero modes (couplings) 
such that 
–  Light fermions close to the UV brane 

to protect precision EW corrections 
–  Top (tR) near IR (TeV) brane (where 

Higgs resides) in order to produce its 
observed heavy mass 



42 

M
.K

ar
ag

öz
 –

 Io
P 

ha
lf-

da
y 

@
 Q

M
U

L 
B

oo
st

ed
 T

op
s 

at
 A

TL
A

S
  

18
/5

/2
01

1 

•  High pT jets are observed on a daily basis 
•  Start to make jet substructure/fat-jet analysis for 

boosted objects! 

Inclusive jet differential cross section. 
Luminosity uncertainty of 11% is not shown. 

Dijet inv. Mass used to derive BSM limits 
95% CL exclusion for 0.50< mq*< 1.53 TeV 


