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QCD Studies at the LHC

Huge jet cross section at the LHC will allow us to study many QCD physics 
analyses. Jets are experimental signatures of quarks and gluons from hard 
collisions. They are crucial for many measurements  (QCD analyses and others). 
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I will be discussing “Inclusive Jets” 
and “Jet Shapes” in this talk !!

Jet Shapes
Event Shapes
PDFs, αs
New Physics etc...









Inclusive Jets (there is also dijet mass...)
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 MinBias, Underlying Event 



The CMS Detector

Implications of First LHC Data, August 11, 2010                                                 3/26                                                                                            Pelin Kurt 



The CMS Detector

TRACKER

ECAL

HCAL
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Jet Reconstruction in CMS

The default jet clustering algorithm is anti kT (R=0.5 and R=0.7).

Calorimeter Jets
Jets are clustered from ECAL and HCAL deposits 
(CaloTowers). Tower ET > 0.5 GeV

JOANNA WENG

Jet Types in CMS  

 Calorimeter Jets                                                   Jet-Plus-Track Jets (JPT) 

Particle Flow Jets (PF)                                     Track Jets

Jets clustered from         
ECAL and HCAL
deposits (Calo Towers)
Accordingly:

Correct calorimeter jets with 
tracking information: 
=> Subtract average calorimeter 
response and replace it with         
the track measurement
Accordingly: 

Cluster Particle Flow objects:    
Unique list of calibrated                      
particles  “a la Generator Level”

=> optimal combination of                             

information across all                                                      

CMS subdetector Accordingly:

Reconstructed from tracks of                        
charged particles

=> completely independent from                         

calorimetric jet measurements,
excellent angular resolutions

=> Using different inputs allows CMS to study and constrain experimental systematics

Calo MET

Tc MET

PF MET

 Default Jet Clustering Algorithm : Anti KT with R=0.5
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Track Jets
Reconstructed from tracks of charged particles : completely independent 
from calorimetric jet measurements.

Particle Flow Jets (PF)

Jet Plus Track Jets (JPT)
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Cluster Particle Flow Objects: Unique list of 
calibrated particles.
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Subtract average calorimeter response from CaloJet and replace it with 
the track measurement.
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Summary

                 

Jets:

General agreement between data and MC for jet energy response                                      
and jet pT resolutions (limited by the current data statistics)

 Observations from the current data support conservative estimates :                        
(used in CMS QCD analysis)

• 10% (5%) JEC uncertainty for calorimeter jets (jets using tracking),                              
with an additional 2% uncertainty per unit rapidity

• 10% Jet pT resolution uncertainties for all three jet types
                 

                                                            
      MET: 

 MC simulation describes the data at acceptable level in MET observables 
 Improved MET cleaning, MET tails are under control  
 TcMET, and especially PfMET improve the MET resolution significantly

=> The CMS MET group is tackling the challenge of commissioning MET                                         
objects in data with large pile up

First results of the Jet and Missing Transverse Energy performance at 7 TeV were presented 
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Example : Dijets ∆Φ in Data and MC

JOANNA WENG

Example: Dijets !" in Data/MC

Calo Jet JPT Jet

Track Jet
PF Jet

!"

Important variable   
to select a clean 
dijet sample

=> Good               
agreement for               
all jet types 
between data 
and MC 

pT > 10 GeV
|!(jet)| < 2.5

6

dijet events are 
back-to-back in 
delta phi

Good agreement for 
all jet types between 
data and MC
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CMS DP-2010/014

JME-10-006
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Jet Energy Corrections (JEC)

The calorimeter of the CMS detector has non linear response in pT and is 
non uniform as a function of |η|. Majority of CMS physics analyses currently 
use MC-truth JEC.

JOANNA WENG

Summary

                 

Jets:

General agreement between data and MC for jet energy response                                      
and jet pT resolutions (limited by the current data statistics)

 Observations from the current data support conservative estimates :                        
(used in CMS QCD analysis)

• 10% (5%) JEC uncertainty for calorimeter jets (jets using tracking),                              
with an additional 2% uncertainty per unit rapidity

• 10% Jet pT resolution uncertainties for all three jet types
                 

                                                            
      MET: 

 MC simulation describes the data at acceptable level in MET observables 
 Improved MET cleaning, MET tails are under control  
 TcMET, and especially PfMET improve the MET resolution significantly

=> The CMS MET group is tackling the challenge of commissioning MET                                         
objects in data with large pile up

First results of the Jet and Missing Transverse Energy performance at 7 TeV were presented 

20

Factorized approach








Offset Correction : remove pile up and noise contribution
Relative Correction : flattens the jet response in |η|
Absolute Correction : flattens the jet response in pT
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Data driven approach
Di-jet balancing (relative correction)

 γ+jet balancing (absolute correction)
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Optional corrections

4 4 Jet Energy Calibration
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Figure 1: Absolute jet energy correction factors CAbs derived from simulation for calorimeter,
JPT, and PFlow jets at

√
s = 7 TeV as a function of corrected jet transverse momentum.

situ calibration studies using various physics processes from LHC data. These measurements,
while currently statistically limited, provide initial confirmation for the MC truth JEC. As the
size of the calibration samples increases with increasing LHC luminosity, in-situ calibration
constants will replace those extracted from the MC truth.

In the following two sub-sections we describe the MC truth and the in-situ jet calibration stud-
ies.

4.1 Monte Carlo truth jet energy correction

Monte Carlo truth jet energy corrections are derived using PYTHIA [10] QCD events at
√

s= 7 TeV
proton-proton collisions which are further processed through a full CMS GEANT4 [11] simu-
lation of the CMS detector. In these events, we reconstruct calorimeter, JPT, and PFlow jets,
as well as particle jets from the four-momenta of the MC particles (in the following referred
to as GenJets). GenJets are matched to the calorimeter jets (or JPT / PFlow jets) in η-φ space
by requiring ∆R <0.25. For the matched jets, we study the quantity pJet

T /pGenJet
T to extract jet

calibration factors as a function of uncalibrated jet pT and η.

The MC-truth jet energy corrections as described below do not factorize out the offset correc-
tion. Rather, the offset is lumped together with the relative and absolute corrections. (Detailed
discussion about the size of the offset in the current LHC data and in MC is given in the next
section.) Following this approach, the extraction procedure has two steps: first we extract the
relative correction CRel(η, pT) by comparing the response at a given η to that of jets in the central
region |η| <1.3. In the second step, we extract the absolute correction CAbs(p′T) that removes
the pT dependence of the jet response, and brings it to unity. Figure 1 shows absolute correc-
tion factors CAbs as a function of corrected jet transverse momentum for the three jets types.
At low transverse momentum, calorimeter jets need to be corrected by a large multiplicative
factor (up to 2) due to non-compensating nature of the CMS calorimeters. JPT and PFlow jets
require much smaller corrections as these jets rely heavily on the tracking information.

The combined correction factor C(pT, η) multiplies each component of the jet momentum four-
vector Pµ (components indexed by µ in the following):

MC truth
JME-10-003

 EMF, Flavor, UE, Parton

Current estimate of the uncertainties (JME-10-003):
 ±10% constant in pT for the absolute calibration of CaloJets

±5% constant in pT for the absolute calibration of the track based jets (PFJets, JPTJets, TrackJets)

±2% per unit of pseudorapidity, constant in pT, for the relative calibration for all types of jets.
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Inclusive Jet Cross Section



Inclusive Jets : Experimental Uncertainties

10 6 Conclusions
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Figure 4: Unsmearing correction factors for different rapidity ranges for (a) calorimeter jets, (b)
JPT jets, and (c) particle-flow jets..
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Figure 5: Fractional experimental systematic uncertainties for (a) calorimeter jets, (b) JPT jets,
and (c) particle-flow jets. The total systematic uncertainty band includes separately the 11%
uncertainty from the integrated luminosity measurement.

Correction for energy resolution Absolute jet energy scale is dominant

This is the JEC uncertainty band for 
the 5% in contrast to 10% for CaloJets

The measured jet pT spectra is corrected for 
resolution effects using ansatz unfolding.
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 / 21CMS jet results, ICHEP 2010, July 24 (QCD03, 15:20-15:37) Mikko Voutilainen, CERN

Unfolding
Inclusive jet cross section uses ansatz unfolding to get to the particle level

Phenomenological power law motivated by parton model (Feynman/Field/Fox), 
extended at the Tevatron, and updated at CMS for low pT and b-jets
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Inclusive b-jets 
(L. Caminada)

Wednesday, July 21, 2010
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Inclusive Jets : Theory Uncertainties
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Figure 6: (a) Non-perturbative corrections to NLO QCD calculations for the anti-kT algorithm,
as determined using Pythia [28] and separately by Herwig++ [29]; the mean of the corrections
determined using Pythia and Herwig++. (b) Fractional theoretical uncertainties; the uncer-
tainties associated with the non-perturbative corrections are taken to be half of the difference
between the Pythia and Herwig++ predictions.
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To compare with Data,  NLO has to be 
corrected due to the effects:
 Multiple Parton Interaction (MPI)
 Hadronization and Decays (Lund & Cluster)
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From theory side, dominant 
systematics :
 Non Perturbative (NP) 

corrections at low pT
 PDFs at high pT

Pythia 6.4 and Herwig++ are used to 
predict NP corrections. The mean of the 
two predictions is taken as the correction. 

The leading sources of theoretical 
uncertainty are shown.
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Inclusive Jet PT Cross section
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Figure 9: Comparison between the unfolded measured spectra and the theory predictions for
particle-flow jets. For better visibility the spectra are multiplied by arbitrary factors (indicated
in the legend).

 Inclusive jet pT spectra are in 
good agreement with NLO 
for all reconstruction types.

 Tevatron published record high 

pT jet is 624 GeV (0.7 fb-1), 
and has measured inclusive jet 
cross section down to 50 GeV 
jets at Run II.



Extending up to |y|=3.

CMS PF jets have very good 
resolution and we can probe 
down to 18 GeV jets. 
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Inclusive Jet PT Cross section (Data/Theory)

All three methods show good agreement with each other and with theory within uncertainties.
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Jet Shapes

Two different method have been used to study the internal structure of jets :

 Jet Charged Component structure at 7 TeV

 It is based on strategy proposed in CMS PAS QCD-08-002

JOANNA WENG

Summary

                 

Jets:

General agreement between data and MC for jet energy response                                      
and jet pT resolutions (limited by the current data statistics)

 Observations from the current data support conservative estimates :                        
(used in CMS QCD analysis)

• 10% (5%) JEC uncertainty for calorimeter jets (jets using tracking),                              
with an additional 2% uncertainty per unit rapidity

• 10% Jet pT resolution uncertainties for all three jet types
                 

                                                            
      MET: 

 MC simulation describes the data at acceptable level in MET observables 
 Improved MET cleaning, MET tails are under control  
 TcMET, and especially PfMET improve the MET resolution significantly

=> The CMS MET group is tackling the challenge of commissioning MET                                         
objects in data with large pile up

First results of the Jet and Missing Transverse Energy performance at 7 TeV were presented 
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Classical Jet Shapes Analysis at 7 TeV

 Based on CMS PAS QCD-08-005
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Jet Shapes measure the average distribution of energy flow as a function of 
the distance away from the jet axis:     

Motivation (Jet Shapes)

Sensitive to the quark/gluon jet mixture.

Provide insight into performance of jet clustering algorithms.
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  Test showering models in Monte Carlo generators.

  Discriminate between different underlying event models.
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Jet shapes can discriminate between competing models of jet quenching which have all 
successfully described leading particle suppression in Relativistic Heavy Ion Collider (RHIC) data.

Edward Wenger - Slide
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Jet Quenching 
Energy loss via gluon radiation 
induced by presence of Quark 
Gluon Plasma (QGP)

 Reference : arXiv:0810.2807 (Ivan Vitev (LANL) and et. al) 

 ObsLHC will open an entirely new frontier for the heavy 
ion program since it will reach the highest relativistic 
collison energy (5.5 TeV) ever in the world. 

 ObsJet Quenching effect will allow to study the internal 
structure of jet shapes.

Jet shapes and jet cross sections have not been discussed 
so far in the heavy ion collisions. Their production cross 
sections and medium modifications are perturbatively 
calculable using their hard momentum. So coming 
Heavy Ion run is pretty exciting !!!

 Obs

 ObsIn this unique environment high pT quarks and gluons 

can be used as an essential tool to demonstrate the 
hot and dense medium produced in the collision as 
they propagate through it.
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Quark and Gluon Jets
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Jet Shapes are sensitive to quark/gluon jet mixture
 Can separate quark and gluon jets in a statistical way
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Quark and Gluon jets radiate proportionally to their color factors




CF : strength of gluon coupling to quarks
CA : strength of gluon self coupling
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In QCD, quark jets are expected to be narrower than gluon jets.
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δR² and Nch for jet flavors (dijets)

PYTHIA, |η| < 1
Detector level

The combination with minimum

The mean of Nch increases whereas the transverse jet shape δR² drops as 
a function of the jet transverse momentum. 

only MC only MC

∑∆r² (parton;jet) = ∆r²(i1;j1)+ ∆r²(i2;j2)
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Figure 3: Charged particle multiplicity Nch (left) and transverse jet shape δR2 (right) as func-
tion of JPT corrected jet transverse momentum pT for a dijet sample. Data (cross symbols) are
shown with statistical error bars and a band denoting systematic errors. Also shown are pre-
dictions based on the Pythia 6.401 tune D6T (filled histogram) and Herwig 2.2.0 (solid line)
event generators.

linear response of the calorimeters and, predominantly at low pT, by the deflection of charged
particles in the magnetic field of the CMS detector. For the latter reason, a slightly larger radius
parameter than in the previous section of R = 0.7 is used for the anti-KT algorithm. This also
leads to an increased sensitivity to the underlying event. The jet response is constrained by
studies of the calorimeter response for single, isolated charged particles [20], which show good
agreement between data and simulation in this |η| region for a wide range of particle transverse
momenta. In MC studies the ratio between integrated jet shape distributions of calorimeter jets
and particle jets as generated using Pythia is found to vary between 0.90 to 1.06 as function of
the radius r and to depend only weakly on jet pT.

Jet shapes reconstructed from tracks are not influenced by the systematic effects mentioned
above, but they suffer from additional fluctuations in the charged particle multiplicity per jet.

Therefore the dominant systematic uncertainty on the integrated jet shape is due to the uncer-
tainty on the jet energy scale and amounts to 10% (5%) at r=0.1 (0.2) for pT < 100 GeV.

In QCD, close to the jet axis, the jet shape is expected to be dominated by collinear gluon
emission, whereas at greater distance from the jet axis, the jet shape reflects large angle gluon
emissions, which can be calculated perturbatively. The jet shape ψ(r) increases faster with r for
jets at larger pT indicating that these jets are more collimated.

The data are compared with predictions based on the same Pythia simulation as mentioned
above. Overall the jet shapes are well described by the simulation as a function of the distance
from the jet axis and for jet transverse momenta up to 100 GeV. The precision of the measure-
ment amounts to a few percent.

7 Sensitivity of Jet Shapes to Underlying Event Tunes
Figure 5 shows the distributions of the integrated jet shapes for four different ranges of jet pT
in comparison with different tunes of underlying event models. The data are the same as in
Fig. 4. Contributions of soft particles to the shape of hard jets are expected to become important
at large distances from the jet axis. Note however that due to normalisation the integrated jet

At low jet transverse momentum (20< pT <50GeV)  the measured jets are a few percent 
broader than predicted by Herwig++ and narrower than predicted by Pythia D6T.

Charged multiplicity (Nch) and δR² vs PTjet

Statistical uncertainty is assigned to data points. 
Systematical uncertainty due to jet energy scale is shown with pink band.
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Definition:  The average fraction of the jet 
transverse momentum inside an annulus  in the у-!
plane of inner (outer) radius r-∆r/2 (r+∆r/2) concentric to 
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Differential Jet Shape

Integrated Jet Shape

Definition: Integrated jet shape is defined 
as the average fraction of jet transverse 
momentum inside a cone of radius r concentric 
to the jet axis.

Definition: The average fraction of the jet 
transverse momentum inside an annulus in the y-ϕ 
plane of inner (outer) radius r-∆r/2 (r+∆r/2) 
concentric to the jet axis.

Implications of First LHC Data, August 11, 2010                                                 21/26                                                                                            Pelin Kurt 



Systematic Uncertainties

All results/distributions are “uncorrected” for detector effects !!!
We are working on correcting the distributions to particle level !!!

Jet Fragmentation

Calorimeter Response and Transverse Shower Shape

Jet Energy Scale

HCAL Detector Readiness : Outline

                                                                 HCAL Detector Readiness / October 14, 2009                                                                         4                                                                 

Using packages from CMSSW_3_1_1
   Validation/HcalDigis

   Validation/HcalRecHits

   Validation/CaloTowers

  

Descriptions of the Digis/RecHits/CaloTowers/ZS:  
 https://twiki.cern.ch/twiki/bin/view/CMS/HcalSignalEvaluation

High level dedector information is available
   Number of Digis/RecHits/CaloTowers

   Every HCAL depth occupancy as a function of ieta

   Energy distributions for RecHits

  

The dedicated twiki page:
https://twiki.cern.ch/twiki/bin/view/CMS/HCALValidationHI
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 The measured jet shapes depend on the calorimeter response to hadrons and on 
the transverse showering. There is uncertainty due to simulation of these effects.

—

—

Data driven approach is used to estimate the sensitivity of the jet shapes to the 
calorimeter resolution by looking track jet shapes and calorimeter level jet shapes.

Hadrons deposit energy in several neighboring towers.  This transverse showering 
affects the measured jet shapes but may not be simulated exactly. 

 The calorimeter response simulation, and hence jet shape corrections, depends on 
the fragmentation model.

To determine systematic uncertainty due to the fragmentation model we compared 
the jet shape correction factors for Pythia D6T and Herwig++. 
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Integrated Jet Shapes

The  jet shapes variables increase with pT indicating that jets are more collimated. 
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Sensitivities to different PYTHIA Tunes and Jet Fragmentation
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The difference in UE 
contribution has visible 
effect especially at very 
low PT. Pythia TuneP0 has 
narrower jet shapes.

H e r w i g + + p r e d i c t s 
narrower jet shapes than 
Pythia D6T and is in good 
agreement with data.





Well tuned MC’s are essential for the new physics searches.
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More data to be added, and distributions will be corrected to particle level.
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Jet Shapes
 First jet shapes results have been shown for data set corresponding to an integrated 

luminosity of 10 nb-1 and 78 nb-1 recorded by the CMS detector at √s=7 TeV. 
 In general, the data follow trends expected from QCD as a function of jet pT.

Jet shapes are sensitive to underlying event (at R~0 due to ψ(Rcone)=1), but 
not yet precise enough to differentiate between theoretical predictions.





Using about 60 nb-1of data collected from pp collisions delivered by the Large 
Hadron Collider at √s=7 TeV, the jet transverse momentum spectrum is measured 
in the pT range of 18-700 GeV in different rapidity bins.

The theoretical calculation predicts the inclusive jet cross section observed in the 
data well, both in transverse momentum and in rapidity.
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!Jets are experimental signatures of quarks and gluons from hard collisions.
!Jet Shapes measure the average distribution of energy flow within jets:

Sensitive to the quark/gluon jet mixture.

Provide insight into performance of jet clustering algorithms.
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Motivation

Motivation : Jet Shapes

!   Provide insight into performance of jet clustering algorithms (AN 2008/001 PAS JME-07-003)

! References:                                                                                                                                                               

S.D.Ellis, Z. Kunszt and D. E. Soper, Phys. Rev. Lett. 69, 3615(1992)                                                                                                                                      

CDF Collab. F. Abe at al., Phys. Rev. Lett. 70, 713 (1993)                                                                                                                                                         

D0 Collab. S. Abachi et al., Phys. Lett. B 357, 500 (1995)                                                                                                                                                            

D. Acosta et al., The CDF Collaboration, Phys. Rev. D71, 112002 (2005).                                                                                                                                

ZEUS Collab., J. Breitweg et al., The Eur. Phys. Journal C 8, 3 367-380 (1999)                                                                                                                       

H1 Collab., C. Adlof et al., Nucl. Phys. B 545, 3-20 (1999)                                                                                                                                                         

OPAL Collab., R. Akers et al., Zeit. f. Phys. C 63, 197 (1994)                                                                                                                                                    

OPAL Collab., K. Ackerstaff et al., Eur. Phys. J. C1 479 (1998)                                                                                                                                                     

CDF Collaboration A. Abulencia et al., Phys. Rev. D78:072005 (2008)                                                                   

!Jets are experimental signatures of quarks and gluons from hard collisions.

!Jet Shapes measure the average distribution of energy flow within jets:

!   Test showering models in Monte Carlo generators

!   Discriminate between different underlying event models

!   Possible application in searches for new physics

    Previous measurements have been done in      , ep and ee colliders

12

pp̄

Tuesday, April 28, 2009

!

!

!

!

CMS_AN_2008_024, A. Bhatti, M.Zielinski and P.Kurt

QCD_08_005, A. Bhatti, M. Zielinski and P. Kurt

  Test showering models in Monte Carlo generators.

  Discriminate between different underlying event models.
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