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• Collisions of hadrons with 

nuclei produce hadronic 
showers

• Nuclear interaction length 

much longer in high-Z 
materials than EM radiation 

length λ > X0• Hadronic showers develop 

later than EM showers;
more diffuse• Example: Lead   λ = 17 cm

Nuclear Interaction Length

� ⇡ 35 g cm�2A1/3
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• muon massless 
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Putting it all together
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Particle Flow Algorithm 

HCAL
Clusters

ECAL
Clusters

Tracks

neutral���������	
��
������������������  hadron���������	
��
������������������  

Charged
Hadrons

Electron

In���������	
��
������������������  a���������	
��
������������������  nutshell

E(ECAL,HCAL)���������	
��
������������������  >���������	
��
������������������  Ptracks

• Aim: Reconstruct and identify all particles 

• γ, e, μ, π±, KL0, pile-up π±, converted γ & nuclear interaction π±,...

• Use best combination of all sub-detectors for E, η, φ, and ID
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Last Time
• We arrived at a list of visible...

• charged particles:  could be p+, π±, e±, μ±, ...

• neutral photons:  could be prompt γ’s 

• neutral hadrons:  could be n0, KL0, ...

• Then there was the case of E << p, when separating merged charged 
& neutral particles

• Today:  

• consider the case when E << p

• identify which of the charged particles above are:

•charged���������	
��
������������������  hadrons���������	
��
������������������  (1st)
•electrons���������	
��
������������������  (2nd)
•muons���������	
��
������������������  (last)

• We also need to identify which of the photons are 
•prompt���������	
��
������������������  photons���������	
��
������������������  (3rd)

• No need to further identify the neutral hadrons...



14.08.2012

UIC University of Illinois
at Chicago

Fermilab

R. Cavanaugh, HCPSS 2012Slide:
Date:

of 50 LPC
LHC Physics Center

Cases with E << p

8



14.08.2012

UIC University of Illinois
at Chicago

Fermilab

R. Cavanaugh, HCPSS 2012Slide:
Date:

of 50 LPC
LHC Physics Center

Cases with E << p
• Let’s discuss the “special” case E << p

8



14.08.2012

UIC University of Illinois
at Chicago

Fermilab

R. Cavanaugh, HCPSS 2012Slide:
Date:

of 50 LPC
LHC Physics Center

Cases with E << p
• Let’s discuss the “special” case E << p

8

p

E���������	
��
������������������  =���������	
��
������������������  ECAL
���������	
��
������������������  ���������	
��
������������������  ���������	
��
������������������  +���������	
��
������������������  HCAL



14.08.2012

UIC University of Illinois
at Chicago

Fermilab

R. Cavanaugh, HCPSS 2012Slide:
Date:

of 50 LPC
LHC Physics Center

Cases with E << p
• Let’s discuss the “special” case E << p

• it turns out that this case is very important!

8

p

E���������	
��
������������������  =���������	
��
������������������  ECAL
���������	
��
������������������  ���������	
��
������������������  ���������	
��
������������������  +���������	
��
������������������  HCAL



14.08.2012

UIC University of Illinois
at Chicago

Fermilab

R. Cavanaugh, HCPSS 2012Slide:
Date:

of 50 LPC
LHC Physics Center

Cases with E << p
• Let’s discuss the “special” case E << p

• it turns out that this case is very important!
• E << p arise mainly from muons

8

p

E���������	
��
������������������  =���������	
��
������������������  ECAL
���������	
��
������������������  ���������	
��
������������������  ���������	
��
������������������  +���������	
��
������������������  HCAL



14.08.2012

UIC University of Illinois
at Chicago

Fermilab

R. Cavanaugh, HCPSS 2012Slide:
Date:

of 50 LPC
LHC Physics Center

Cases with E << p
• Let’s discuss the “special” case E << p

• it turns out that this case is very important!
• E << p arise mainly from muons

• recall that muons are penetrating!  

8

p

E���������	
��
������������������  =���������	
��
������������������  ECAL
���������	
��
������������������  ���������	
��
������������������  ���������	
��
������������������  +���������	
��
������������������  HCAL



14.08.2012

UIC University of Illinois
at Chicago

Fermilab

R. Cavanaugh, HCPSS 2012Slide:
Date:

of 50 LPC
LHC Physics Center

Cases with E << p
• Let’s discuss the “special” case E << p

• it turns out that this case is very important!
• E << p arise mainly from muons

• recall that muons are penetrating!  
•Energies���������	
��
������������������  <���������	
��
������������������  TeV,���������	
��
������������������  leave���������	
��
������������������  only���������	
��
������������������  MIP���������	
��
������������������  in���������	
��
������������������  calorimeters

8

p

E���������	
��
������������������  =���������	
��
������������������  ECAL
���������	
��
������������������  ���������	
��
������������������  ���������	
��
������������������  +���������	
��
������������������  HCAL



14.08.2012

UIC University of Illinois
at Chicago

Fermilab

R. Cavanaugh, HCPSS 2012Slide:
Date:

of 50 LPC
LHC Physics Center

Cases with E << p
• Let’s discuss the “special” case E << p

• it turns out that this case is very important!
• E << p arise mainly from muons

• recall that muons are penetrating!  
•Energies���������	
��
������������������  <���������	
��
������������������  TeV,���������	
��
������������������  leave���������	
��
������������������  only���������	
��
������������������  MIP���������	
��
������������������  in���������	
��
������������������  calorimeters

8

p

E���������	
��
������������������  =���������	
��
������������������  ECAL
���������	
��
������������������  ���������	
��
������������������  ���������	
��
������������������  +���������	
��
������������������  HCAL



14.08.2012

UIC University of Illinois
at Chicago

Fermilab

R. Cavanaugh, HCPSS 2012Slide:
Date:

of 50 LPC
LHC Physics Center

Cases with E << p
• Let’s discuss the “special” case E << p

• it turns out that this case is very important!
• E << p arise mainly from muons

• recall that muons are penetrating!  
•Energies���������	
��
������������������  <���������	
��
������������������  TeV,���������	
��
������������������  leave���������	
��
������������������  only���������	
��
������������������  MIP���������	
��
������������������  in���������	
��
������������������  calorimeters

• muon reconstruction and ID is “easy” (more later)

8

p

E���������	
��
������������������  =���������	
��
������������������  ECAL
���������	
��
������������������  ���������	
��
������������������  ���������	
��
������������������  +���������	
��
������������������  HCAL



14.08.2012

UIC University of Illinois
at Chicago

Fermilab

R. Cavanaugh, HCPSS 2012Slide:
Date:

of 50 LPC
LHC Physics Center

Cases with E << p
• Let’s discuss the “special” case E << p

• it turns out that this case is very important!
• E << p arise mainly from muons

• recall that muons are penetrating!  
•Energies���������	
��
������������������  <���������	
��
������������������  TeV,���������	
��
������������������  leave���������	
��
������������������  only���������	
��
������������������  MIP���������	
��
������������������  in���������	
��
������������������  calorimeters

• muon reconstruction and ID is “easy” (more later)
• Muon ID is very efficient ≥ 98% (more later)

8

p

E���������	
��
������������������  =���������	
��
������������������  ECAL
���������	
��
������������������  ���������	
��
������������������  ���������	
��
������������������  +���������	
��
������������������  HCAL



14.08.2012

UIC University of Illinois
at Chicago

Fermilab

R. Cavanaugh, HCPSS 2012Slide:
Date:

of 50 LPC
LHC Physics Center

Cases with E << p
• Let’s discuss the “special” case E << p

• it turns out that this case is very important!
• E << p arise mainly from muons

• recall that muons are penetrating!  
•Energies���������	
��
������������������  <���������	
��
������������������  TeV,���������	
��
������������������  leave���������	
��
������������������  only���������	
��
������������������  MIP���������	
��
������������������  in���������	
��
������������������  calorimeters

• muon reconstruction and ID is “easy” (more later)
• Muon ID is very efficient ≥ 98% (more later)

• these ID’d muons are removed from the block

8

p

E���������	
��
������������������  =���������	
��
������������������  ECAL
���������	
��
������������������  ���������	
��
������������������  ���������	
��
������������������  +���������	
��
������������������  HCAL



14.08.2012

UIC University of Illinois
at Chicago

Fermilab

R. Cavanaugh, HCPSS 2012Slide:
Date:

of 50 LPC
LHC Physics Center

Cases with E << p
• Let’s discuss the “special” case E << p

• it turns out that this case is very important!
• E << p arise mainly from muons

• recall that muons are penetrating!  
•Energies���������	
��
������������������  <���������	
��
������������������  TeV,���������	
��
������������������  leave���������	
��
������������������  only���������	
��
������������������  MIP���������	
��
������������������  in���������	
��
������������������  calorimeters

• muon reconstruction and ID is “easy” (more later)
• Muon ID is very efficient ≥ 98% (more later)

• these ID’d muons are removed from the block
•before���������	
��
������������������  identifying���������	
��
������������������  charged���������	
��
������������������  hadrons,���������	
��
������������������  photons,���������	
��
������������������  neutral���������	
��
������������������  hadron���������	
��
������������������  

8

p

E���������	
��
������������������  =���������	
��
������������������  ECAL
���������	
��
������������������  ���������	
��
������������������  ���������	
��
������������������  +���������	
��
������������������  HCAL



14.08.2012

UIC University of Illinois
at Chicago

Fermilab

R. Cavanaugh, HCPSS 2012Slide:
Date:

of 50 LPC
LHC Physics Center

Cases with E << p
• Let’s discuss the “special” case E << p

• it turns out that this case is very important!
• E << p arise mainly from muons

• recall that muons are penetrating!  
•Energies���������	
��
������������������  <���������	
��
������������������  TeV,���������	
��
������������������  leave���������	
��
������������������  only���������	
��
������������������  MIP���������	
��
������������������  in���������	
��
������������������  calorimeters

• muon reconstruction and ID is “easy” (more later)
• Muon ID is very efficient ≥ 98% (more later)

• these ID’d muons are removed from the block
•before���������	
��
������������������  identifying���������	
��
������������������  charged���������	
��
������������������  hadrons,���������	
��
������������������  photons,���������	
��
������������������  neutral���������	
��
������������������  hadron���������	
��
������������������  

• Remaining ≤ 2% lead to many of the E << p cases

8

p

E���������	
��
������������������  =���������	
��
������������������  ECAL
���������	
��
������������������  ���������	
��
������������������  ���������	
��
������������������  +���������	
��
������������������  HCAL



14.08.2012

UIC University of Illinois
at Chicago

Fermilab

R. Cavanaugh, HCPSS 2012Slide:
Date:

of 50 LPC
LHC Physics Center

Cases with E << p
• Let’s discuss the “special” case E << p

• it turns out that this case is very important!
• E << p arise mainly from muons

• recall that muons are penetrating!  
•Energies���������	
��
������������������  <���������	
��
������������������  TeV,���������	
��
������������������  leave���������	
��
������������������  only���������	
��
������������������  MIP���������	
��
������������������  in���������	
��
������������������  calorimeters

• muon reconstruction and ID is “easy” (more later)
• Muon ID is very efficient ≥ 98% (more later)

• these ID’d muons are removed from the block
•before���������	
��
������������������  identifying���������	
��
������������������  charged���������	
��
������������������  hadrons,���������	
��
������������������  photons,���������	
��
������������������  neutral���������	
��
������������������  hadron���������	
��
������������������  

• Remaining ≤ 2% lead to many of the E << p cases
• a much looser muon ID is used to help solve this case
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• Efficiency ≈ 99%; Fake rate 1-2%

For Muons

Patrick Janot

A few subtleties : the devil is in the details (9) A tracking efficiency of 85% : why ? Silicon detectors are very efficient in finding hits (>99%) As seen with simulated single muons (confirmed with data)

 Only slights drops of efficiency in the pixel detector cracks and overlaps
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• Efficiency even much worse

• Kalman Filter tracking finding doesn’t work!

• Must use different method to find electron 
tracks

• Gaussian Sum Filter (more later)

For Electrons

WHY
?

• Hence large overlap between tracks?

• Answer: not for pT up to 800 GeV, where it 
starts to appear

• Recall:  10+60 million channels in tracker 
system!  The tracker has very low occupancy up 
to very large numbers of particles

Could it be due to high occupancy inside jets?

Patrick Janot

A few subtleties : the devil is in the details (10) A  tracking  efficiency  of  85%  :  why  ?  (cont’d) Question : Is it due to large occupancy in jets ?  Hence large overlap between tracks ?

 Answer : not for p
T up to 800 GeV/c, where this effect starts to show up

5-Feb-2011
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A few subtleties : the devil is in the details (16)
 And what about electrons ? They radiate, and the brem ’s  convert  !
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A few subtleties : the devil is in the details (16)
 And what about electrons ? They radiate, and the brem ’s  convert  !

5-Feb-2011
Particle Flow Event Reconstruction
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A few subtleties : the devil is in the details (11)
 A  tracking  efficiency  of  85%  :  why  ?  (cont’d)

 Remember : About 2X0 , or 0.4 0 , of material in the tracker 
 About 20% of the hadrons interact in the tracker material

Sometimes in a spectacular manner
A single K0L (270 GeV) interacting in the tracker after 15 cm:

Blue : true particles
Green : reconstructed tracks

(well, not yet)

What happens to these tracks ?
Not enough hits on the primary
Bad origin for the secondaries

5-Feb-2011
Particle Flow Event Reconstruction

85
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Nuclear Interactions in Tracker
• Fake tracks come from wrong combinations of hit 

associations
• So, reduce the number of hits fed to the track finder
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(≥ 3 hits) & remove the used hits

• 10% of the hits ar
e removed in this 
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Next, try a 
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• 3rd iteration: 

• 3 pixel hits, 
tight origin constraint, 
pT > 0.2 GeV

• 4th iteration:

• 2 pixel hits, 
looser origin constraint, 
pT > 0.3 GeV

• 93% efficiency, 
1-2% fake rate

• down to very low momentum!

• Recall original situation

• 85% efficiency, 20% fake rate

And so on...with more iterations

Patrick Janot

A few subtleties : the devil is in the details (14)

 Increasing  the  tracking  efficiency  :  Iterative  tracking  (cont’d)
 And so on with more iterations :

 Third iteration : 3 pixel hits, tight origin constraint, pT > 0.2 GeV/c
 Fourth iteration : 2 pixel hits, looser origin constraint, pT > 0.3 GeV/c

 And  even  try  to  catch  secondary  tracks  (interactions,  conversions,  decays  …)
 Fifth : TIB/TID seeding, loose origin constraint, pT > 0.5 GeV/c

 Sixth : TOB/TEC seeding, very loose origin constraint, pT > 0.8 GeV/c

 After 4 iterations

 93% efficiency, 1-2% fake rate

 Down to very low momentum 

85% efficiency, 20% fake rate

5-Feb-2011
Particle Flow Event Reconstruction

88
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• Interactions, conversions, decays,...

• 5th iteration: • Inner tracker seeding, loose origin 

constraint, pT > 0.5 GeV
• 6th iteration:  • Outer tracking seeding, very loose 

origin constraint, pT > 0.8 GeV

And even try to catch secondary 
tracks 
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• Recall original situation
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And so on...with more iterations

Patrick Janot

A few subtleties : the devil is in the details (14)

 Increasing  the  tracking  efficiency  :  Iterative  tracking  (cont’d)
 And so on with more iterations :

 Third iteration : 3 pixel hits, tight origin constraint, pT > 0.2 GeV/c
 Fourth iteration : 2 pixel hits, looser origin constraint, pT > 0.3 GeV/c

 And  even  try  to  catch  secondary  tracks  (interactions,  conversions,  decays  …)
 Fifth : TIB/TID seeding, loose origin constraint, pT > 0.5 GeV/c

 Sixth : TOB/TEC seeding, very loose origin constraint, pT > 0.8 GeV/c

 After 4 iterations

 93% efficiency, 1-2% fake rate

 Down to very low momentum 

85% efficiency, 20% fake rate
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• Interactions, conversions, decays,...

• 5th iteration: • Inner tracker seeding, loose origin 

constraint, pT > 0.5 GeV
• 6th iteration:  • Outer tracking seeding, very loose 

origin constraint, pT > 0.8 GeV

And even try to catch secondary 
tracks 
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Patrick Janot

A few subtleties : the devil is in the details (15)

 Increasing  the  tracking  efficiency  :  Iterative  tracking  (cont’d)
 Nuclear interactions, photon conversions, decays in flight :

 Many tracks reconstructed 

 With TIB/TID and TOB/TEC seeding

 Small fake rate dealt with by PF protections

 Next problem : avoid double counting from primary vs secondaries

 Create  a  “link  by  vertex”  between  primary  and  secondaries
And chose the best energy determination

Most likely the primary if more than 5-6 hits, secondaries otherwise

 Typical particle-flow attitude : reconstruct/identify as many particles as possible !
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Green: reconstructed tracks
from nuclear interaction

• Interactions, conversions, decays,...

• 5th iteration: • Inner tracker seeding, loose origin 

constraint, pT > 0.5 GeV
• 6th iteration:  • Outer tracking seeding, very loose 

origin constraint, pT > 0.8 GeV

And even try to catch secondary 
tracks 
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A few subtleties : the devil is in the details (15)

 Increasing  the  tracking  efficiency  :  Iterative  tracking  (cont’d)
 Nuclear interactions, photon conversions, decays in flight :

 Many tracks reconstructed 

 With TIB/TID and TOB/TEC seeding

 Small fake rate dealt with by PF protections

 Next problem : avoid double counting from primary vs secondaries

 Create  a  “link  by  vertex”  between  primary  and  secondaries
And chose the best energy determination

Most likely the primary if more than 5-6 hits, secondaries otherwise

 Typical particle-flow attitude : reconstruct/identify as many particles as possible !
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from nuclear interaction

• Interactions, conversions, decays,...

• 5th iteration: • Inner tracker seeding, loose origin 

constraint, pT > 0.5 GeV
• 6th iteration:  • Outer tracking seeding, very loose 

origin constraint, pT > 0.8 GeV

And even try to catch secondary 
tracks 
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Patrick Janot

A few subtleties : the devil is in the details (15)

 Increasing  the  tracking  efficiency  :  Iterative  tracking  (cont’d)
 Nuclear interactions, photon conversions, decays in flight :

 Many tracks reconstructed 

 With TIB/TID and TOB/TEC seeding

 Small fake rate dealt with by PF protections

 Next problem : avoid double counting from primary vs secondaries

 Create  a  “link  by  vertex”  between  primary  and  secondaries
And chose the best energy determination

Most likely the primary if more than 5-6 hits, secondaries otherwise

 Typical particle-flow attitude : reconstruct/identify as many particles as possible !
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Green: reconstructed tracks
from nuclear interaction

• Interactions, conversions, decays,...

• 5th iteration: • Inner tracker seeding, loose origin 

constraint, pT > 0.5 GeV
• 6th iteration:  • Outer tracking seeding, very loose 

origin constraint, pT > 0.8 GeV

And even try to catch secondary 
tracks 

• Create a “link by vertex” between 
primaries and secondaries

• choose the best energy 
determination

• primary track usually has more hits 
(5-6)

• secondaries usually have less hits

Next problem: avoid double 
counting primary vs secondaries
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Patrick Janot

A few subtleties : the devil is in the details (15)

 Increasing  the  tracking  efficiency  :  Iterative  tracking  (cont’d)
 Nuclear interactions, photon conversions, decays in flight :

 Many tracks reconstructed 

 With TIB/TID and TOB/TEC seeding

 Small fake rate dealt with by PF protections

 Next problem : avoid double counting from primary vs secondaries

 Create  a  “link  by  vertex”  between  primary  and  secondaries
And chose the best energy determination

Most likely the primary if more than 5-6 hits, secondaries otherwise

 Typical particle-flow attitude : reconstruct/identify as many particles as possible !
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Green: reconstructed tracks
from nuclear interaction

• Interactions, conversions, decays,...

• 5th iteration: • Inner tracker seeding, loose origin 

constraint, pT > 0.5 GeV
• 6th iteration:  • Outer tracking seeding, very loose 

origin constraint, pT > 0.8 GeV

And even try to catch secondary 
tracks 

• Create a “link by vertex” between 
primaries and secondaries

• choose the best energy 
determination

• primary track usually has more hits 
(5-6)

• secondaries usually have less hits

Next problem: avoid double 
counting primary vs secondaries
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Patrick Janot

A few subtleties : the devil is in the details (15)

 Increasing  the  tracking  efficiency  :  Iterative  tracking  (cont’d)
 Nuclear interactions, photon conversions, decays in flight :

 Many tracks reconstructed 

 With TIB/TID and TOB/TEC seeding

 Small fake rate dealt with by PF protections

 Next problem : avoid double counting from primary vs secondaries

 Create  a  “link  by  vertex”  between  primary  and  secondaries
And chose the best energy determination

Most likely the primary if more than 5-6 hits, secondaries otherwise

 Typical particle-flow attitude : reconstruct/identify as many particles as possible !
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Green: reconstructed tracks
from nuclear interaction

• Interactions, conversions, decays,...

• 5th iteration: • Inner tracker seeding, loose origin 

constraint, pT > 0.5 GeV
• 6th iteration:  • Outer tracking seeding, very loose 

origin constraint, pT > 0.8 GeV

And even try to catch secondary 
tracks 

• Create a “link by vertex” between 
primaries and secondaries

• choose the best energy 
determination

• primary track usually has more hits 
(5-6)

• secondaries usually have less hits

Next problem: avoid double 
counting primary vs secondaries
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Patrick Janot

A few subtleties : the devil is in the details (15)

 Increasing  the  tracking  efficiency  :  Iterative  tracking  (cont’d)
 Nuclear interactions, photon conversions, decays in flight :

 Many tracks reconstructed 

 With TIB/TID and TOB/TEC seeding

 Small fake rate dealt with by PF protections

 Next problem : avoid double counting from primary vs secondaries

 Create  a  “link  by  vertex”  between  primary  and  secondaries
And chose the best energy determination

Most likely the primary if more than 5-6 hits, secondaries otherwise

 Typical particle-flow attitude : reconstruct/identify as many particles as possible !
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Green: reconstructed tracks
from nuclear interaction

• Interactions, conversions, decays,...

• 5th iteration: • Inner tracker seeding, loose origin 

constraint, pT > 0.5 GeV
• 6th iteration:  • Outer tracking seeding, very loose 

origin constraint, pT > 0.8 GeV

And even try to catch secondary 
tracks 

• Create a “link by vertex” between 
primaries and secondaries

• choose the best energy 
determination

• primary track usually has more hits 
(5-6)

• secondaries usually have less hits

Next problem: avoid double 
counting primary vs secondaries
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A few subtleties : the devil is in the details (15)

 Increasing  the  tracking  efficiency  :  Iterative  tracking  (cont’d)
 Nuclear interactions, photon conversions, decays in flight :

 Many tracks reconstructed 

 With TIB/TID and TOB/TEC seeding

 Small fake rate dealt with by PF protections

 Next problem : avoid double counting from primary vs secondaries

 Create  a  “link  by  vertex”  between  primary  and  secondaries
And chose the best energy determination

Most likely the primary if more than 5-6 hits, secondaries otherwise

 Typical particle-flow attitude : reconstruct/identify as many particles as possible !
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Patrick Janot

A few subtleties : the devil is in the details (15)

 Increasing  the  tracking  efficiency  :  Iterative  tracking  (cont’d)
 Nuclear interactions, photon conversions, decays in flight :

 Many tracks reconstructed 

 With TIB/TID and TOB/TEC seeding

 Small fake rate dealt with by PF protections

 Next problem : avoid double counting from primary vs secondaries

 Create  a  “link  by  vertex”  between  primary  and  secondaries
And chose the best energy determination

Most likely the primary if more than 5-6 hits, secondaries otherwise

 Typical particle-flow attitude : reconstruct/identify as many particles as possible !

5-Feb-2011
Particle Flow Event Reconstruction

90

Green: reconstructed tracks
from nuclear interaction

• Interactions, conversions, decays,...

• 5th iteration: • Inner tracker seeding, loose origin 

constraint, pT > 0.5 GeV
• 6th iteration:  • Outer tracking seeding, very loose 

origin constraint, pT > 0.8 GeV

And even try to catch secondary 
tracks 

• Create a “link by vertex” between 
primaries and secondaries

• choose the best energy 
determination

• primary track usually has more hits 
(5-6)

• secondaries usually have less hits

Next problem: avoid double 
counting primary vs secondaries
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A few subtleties : the devil is in the details (15)

 Increasing  the  tracking  efficiency  :  Iterative  tracking  (cont’d)
 Nuclear interactions, photon conversions, decays in flight :

 Many tracks reconstructed 

 With TIB/TID and TOB/TEC seeding

 Small fake rate dealt with by PF protections

 Next problem : avoid double counting from primary vs secondaries

 Create  a  “link  by  vertex”  between  primary  and  secondaries
And chose the best energy determination

Most likely the primary if more than 5-6 hits, secondaries otherwise

 Typical particle-flow attitude : reconstruct/identify as many particles as possible !
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 Next problem : avoid double counting from primary vs secondaries

 Create  a  “link  by  vertex”  between  primary  and  secondaries
And chose the best energy determination

Most likely the primary if more than 5-6 hits, secondaries otherwise

 Typical particle-flow attitude : reconstruct/identify as many particles as possible !

5-Feb-2011
Particle Flow Event Reconstruction

91



14.08.2012

UIC University of Illinois
at Chicago

Fermilab

R. Cavanaugh, HCPSS 2012Slide:
Date:

of 50 LPC
LHC Physics Center

Nuclear Interactions in Tracker
• Fake tracks come from wrong combinations of hit 

associations
• So, reduce the number of hits fed to the track finder

13

That’s���������	
��
������������������  a���������	
��
������������������  lot���������	
��
������������������  of���������	
��
������������������  work!
What’s���������	
��
������������������  the���������	
��
������������������  reward?

Many���������	
��
������������������  real���������	
��
������������������  tracks���������	
��
������������������  reconstructed
with���������	
��
������������������  inner���������	
��
������������������  vs���������	
��
������������������  outer���������	
��
������������������  seeding

Philosophy:���������	
��
������������������  reconstruct���������	
��
������������������  &���������	
��
������������������  identify
as���������	
��
������������������  many���������	
��
������������������  particles���������	
��
������������������  as���������	
��
������������������  possible!

Patrick Janot

A few subtleties : the devil is in the details (15)

 Increasing  the  tracking  efficiency  :  Iterative  tracking  (cont’d)
 Nuclear interactions, photon conversions, decays in flight :

 Many tracks reconstructed 

 With TIB/TID and TOB/TEC seeding

 Small fake rate dealt with by PF protections

 Next problem : avoid double counting from primary vs secondaries

 Create  a  “link  by  vertex”  between  primary  and  secondaries
And chose the best energy determination

Most likely the primary if more than 5-6 hits, secondaries otherwise

 Typical particle-flow attitude : reconstruct/identify as many particles as possible !

5-Feb-2011
Particle Flow Event Reconstruction
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Green: reconstructed tracks
from nuclear interaction

• Interactions, conversions, decays,...

• 5th iteration: • Inner tracker seeding, loose origin 

constraint, pT > 0.5 GeV
• 6th iteration:  • Outer tracking seeding, very loose 

origin constraint, pT > 0.8 GeV
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(5-6)
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ID Individual Hadrons
Particle m [MeV] Quarks Main decay Lifetime cτ [cm]

π± 140  ud μνμ 2.6 × 10-8 s 780

K± 494 us μνμ, π±π0 1.2 × 10-8 s 370

KS
0 498 ds ππ 0.9 × 10-10 s 2.7

KL
0 498 ds πππ, πlν 5 × 10-8 s 1550

p 938 uud stable > 1025 years ∞

n 940 udd peνe 890 s 2.7 × 1013

Λ 1116 uds pπ 2.6 × 10-10 s 7.9
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• Instead of making do 
with jet 
reconstruction

• some physics 
requires the ID of 
individual hadrons

• Most are unstable, 
and decay into a few 
long-lived particles

Why?
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• Instead of making do 
with jet 
reconstruction

• some physics 
requires the ID of 
individual hadrons

• Most are unstable, 
and decay into a few 
long-lived particles

Why?

• Since the interactions of charged hadrons are similar, the most direct way to distinguish them is to determine their (rest) mass
• Their momentum is measured by the tracking system, so this is equivalent to determining their velocity, since  p = γm v, so  m = p/γv = p/γβc 

How?
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• Instead of making do 
with jet 
reconstruction

• some physics 
requires the ID of 
individual hadrons

• Most are unstable, 
and decay into a few 
long-lived particles

Why?

• Most direct is to 
measure the

 Time Of 

Flight (TOF) of the pa
rticles ove

r a fixed 

distance

• Alternative
ly one can

 look at the 

detail of th
eir interac

tion with matter

The main source
 of energy

 loss is via
 

Ionization (dE/
dx)

• If the velo
city of the

 particle c
hanges 

compared to the loc
al speed of light i

t 

will radiate photon
s, detected as 

Transition radia
tion

• If a partic
le travels 

at greater 
than the 

local spee
d of light, i

t will radiate 

Cherenkov radiat
ion

Four mai
n proces

ses

• Since the interactions of charged hadrons are similar, the most direct way to distinguish them is to determine their (rest) mass
• Their momentum is measured by the tracking system, so this is equivalent to determining their velocity, since  p = γm v, so  m = p/γv = p/γβc 

How?
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• KS
0 and Λ are 

collectivel
y known 

as V0s, d
ue to the

ir 

characte
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two-prong
 decay 

vertex

V0’s
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Charged Hadron ID

• Charged hadrons (π, K, p) ar
e all 

effective
ly stable,

 and have sim
ilar 

interactio
ns 

• track + hadronic sho
wer

• However, identifying
 them can be 

crucial, i
n particu

lar for t
he study of 

hadronic decays

Motivat
ion
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ns 

• track + hadronic sho
wer

• However, identifying
 them can be 

crucial, i
n particu

lar for t
he study of 

hadronic decays

Motivat
ion

• Make all two-track combinations in an event and calculate their invariant mass

• large combinatoric background (most tracks are pions, from other sources)
• By identifying the two tracks as kaons,signal to background ratio is much improved

Example: φ ! K+ K-
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Time Of  Flight

• measure the time difference between 

two detector planes β = d / c Δt• At high energy, particle speeds are 
relativistic, closely approaching to c

• Example:
• For a 10 GeV K, 

• time to travel 12 m is 40.05 ns, • whereas for a π 
• it would be 40.00 ns, • so difference is only 50 ps

Simple Concept
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• measure the time difference between 

two detector planes β = d / c Δt• At high energy, particle speeds are 
relativistic, closely approaching to c

• Example:
• For a 10 GeV K, 

• time to travel 12 m is 40.05 ns, • whereas for a π 
• it would be 40.00 ns, • so difference is only 50 ps

Simple Concept

• (+ readout electronics) have resolution 

σ(t) ~ 10 ns, fast
 enough for the LHC 

(bunch crossings 
25 ns apart) but 

need 

σ(t) < 1 ns to do useful TOF

• TOF gives good ID at low momentum 

Very precise timing required for p > 5 

GeV

Modern Detecto
rs
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Ionization

• Charged particles
 passing t

hrough 

matter can 
knock out elect

rons from
 

atoms of the m
edium: ionizati

on

• Energy lo
ss described by the Be

the-

Bloch for
mula, which gives

 the 

universal 
velocity d

ependence:  

     dE/dx ∝ log(β
2 γ2) / β

2

• This can be
 used to identify par

ticles,

particular
ly at low momentum where 

dE/dx varies r
apidly

Concept
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Ionization

• Charged particles
 passing t

hrough 

matter can 
knock out elect

rons from
 

atoms of the m
edium: ionizati

on

• Energy lo
ss described by the Be

the-

Bloch for
mula, which gives

 the 

universal 
velocity d

ependence:  

     dE/dx ∝ log(β
2 γ2) / β

2

• This can be
 used to identify par

ticles,

particular
ly at low momentum where 

dE/dx varies r
apidly

Concept

• Advantage: uses existing detectors 

needed for tracking (but requires the 

accurate measurement of the charge)
• Note:  these techniques all provide 

signals for charged leptons e, μ as 

well as π, K, p. But m(μ) ≈ m(π), so 

they are not well separated (dedicated 

detectors do a better job)

Considerations

[PDG]
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• Local speed of light in m
edium with refractive 

index n is c’ = c/
n

• If particle’s re
lative velocity

 v/c’ changes,

particle will radiate photons

• change of direction -> Sy
nchrotron rad

• change of spe
ed -> Bremsstrahlung rad

• change of ind
ex n -> Transi

tion rad

• Transition rad
 emitted whenever relativist

ic 

charged particle trave
rses border betwen two 

media having different dielectric cons
tants 

n = √ε

• Emitted energy proportio
nal to boost γ of 

particle

• can discriminate electron
s from pions!

• (also discriminate hadrons at high e
nergy)

Transition 
Radiation
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Черенков Radiation

21

• Named after the Russian scientist P. 

Cherenkov who was the first to study 

the effect in depth (he won the Nobel 

Prize for it in 1958)

• From Relativity, nothing can go fa
ster 

than the speed of light c (in vacuum)

• However, due to the refractive index n 

of a material, a particle can go f
aster 

than the local speed of light in the 

medium c’ = c/n

• This is analogous to the bow wave of a 

boat travelling over water or the sonic 

boom of an aeroplane travelling faster 

than the speed of sound

Considerations
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Considerations

• Cherenkov light is produced when 
charged particle goes faster than the 
speed of light 
• cos θC = 1 / βn

• Produced in three dimensions, so the 
wavefront forms a cone of light around the particle direction• Measuring the opening angle of cone• particle velocity can be determined

Concept
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• Using this construction, we can 
determine (roughly) the boat speed: 

• θ ≈ 70º, vwave = 2 knots on water

• vboat = vwave/cos θ  ≈ 6 knots 
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Come back to Electrons & Photons
• Indeed, the LHC Trackers are heavy! 
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Radiation Le
ngths in CMS
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A few subtleties : the devil is in the details (17)
 Electrons : Tracking

 Because they radiate, many electrons would have failed the Nhits > 8 cut
 The Kalman filter pattern recognition quickly gives up

 The iterative tracking was initially meant at solving this issue for PF 
 Tracks with at least 3 hits are used as seed
 Use a Gaussian-Sum filter to follow the electron track all the way to ECAL

 Issue : GSF tracking is slow
 Use it only for pre-identified tracks

Small number of hits
Or : Poor quality fit
Or : p/EECAL not far from unity
Linked to pre-shower hits

 Concerns only 5% of the tracks
With 95% efficiency on electrons
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• Electrons radiate on average ≈ 70% of 

their energy in the track by 

bremsstrahlung• photons have > 50% probability to 

convert to e+e- pair• energy spreads in φ due to B-field

Huge Effect!
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The bremsstra
hlung energy

loss distrib
ution

of elect
rons propagati

ng in matter
is highly non Gaussian

. Because

the Kalman filter relies
solely

on Gaussian
probability

density function
s, it might not be an optimal recon

struc-

tion
algor

ithm for elect
ron track

s. A Gaussian
-sum filter (GSF) algor

ithm for elect
ron track

recon
struction

in

the CMS track
er has therefo

re been develo
ped. The basic

idea is to model the bremsstra
hlung energy

loss dis-

tribution
by a Gaussian

mixture rather than a single Gaussian
. It is shown that the GSF is able to improve

the

momentum resol
ution

of elect
rons compared

to the standard Kalman filter.
The momentum resol

ution
and the

quality
of the estim

ated
error

are studied with vario
us types of mixture models of the energy

loss distrib
ution.

1. Intro
ductio

n

Modern track
detect

ors based
on semiconductor

technologie
s contain

large
r amounts of materia

l than

gaseo
us detect

or types, partial
ly due to the detect

or

elements themselves
and partial

ly due to additional

materia
l required

for on-sensor electr
onics, power,

cooling, and mechanical support.
A precise

mod-

elling of materia
l effects

in track
recon

struction
is

therefo
re necess

ary to obtain
the best estim

ates
of

the track
param

eters.
Such materia

l effects are par-

ticularly
releva

nt for the recon
struction

of electr
ons

which, in addition
to ionizatio

n energy
loss and multi-

ple Coulomb scatt
ering, suffer from

large
energy

losses

due to bremsstra
hlung.

A well-known model of the bremsstra
hlung energy

loss is due to Bethe and Heitler
[1].

In this model,

the probability
density function

(PDF), f(z), of the

energy
loss of an electr

on is

f(z) =
[− ln z]

c−1

Γ(c)
,

(1)

where c = t/ ln 2, t is the thickness of materia
l tra-

verse
d by the electr

on (in units of radiation
length),

and z is the fracti
on of energy

remaining after
the

materia
l layer

is trave
rsed. The probability of a given

fracti
onal energy

loss is assumed to be independent

of the energy
of the incoming particl

e. This PDF is

shown in Fig. 1 for different thickness values.

The baselin
e for track

recon
struction

in the CMS

track
er is the Kalman filter [2]. Throughout the filter

track
s are describ

ed by a five-dimensional state
vec-

tor, containing the information
about the momentum,

the directi
on and the positio

n at some refere
nce sur-

face.
The materia

l effects
are currently assumed to

be concentrate
d in the activ

e elements of the detect
or

layer
s. In this context the optimal treat

ment of ra-

diative
energy

loss is to corre
ct the momentum with
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Figure 1: Probability
density function

f(z) for different

thickness values.

the mean value of energy
loss and to increas

e the vari-

ance of the momentum by adding the varia
nce of the

energy
loss distrib

ution. This procedure should en-

sure unbiased
estim

ates
of the track

param
eters

and

of the associated
uncerta

inties [3]. The Kalman filter

is a linear least-
squares estim

ator,
and is proved

to be

optimal only when all probability
densities

encoun-

tered
during the track

recon
struction

procedure are

Gaussian
. The implicit assumption of approximating

the Bethe-Heitler
distrib

ution with a single Gaussian

is quite crude. It is therefo
re plausible that a non-

linear estim
ator

which takes
the actual shape of the

distrib
ution into accou

nt can do better.

A non-linear generaliz
ation

of the Kalman filter

(KF), the Gaussi
an-sum

filter (GSF) [4, 5], has there-

fore been implemented in the recon
struction

softw
are

of the CMS track
er [6]. In the GSF the distrib

utions of

all state
vecto

rs are Gaussian
mixtures, i.e. weighted

sums of Gaussian
s instead

of single Gaussian
s. The

algor
ithm is therefo

re appropriate
if the probability

densities
involve

d in track
recon

struction
can be ad-

equately
describ

ed by Gaussian
mixtures.

The basic
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• Seed it with only pre-identified tracks

• small number of hits!
• poor quality fit!• p/ECAL not far from unity

• With the above seeds• only 5% of all tracks are seeds
• sufficient to run GSF tracking

• 95% efficiency for electrons

Seed Electrons with poor 
KF tracks!

• Electrons radiate on average ≈ 70% of 

their energy in the track by 

bremsstrahlung• photons have > 50% probability to 

convert to e+e- pair• energy spreads in φ due to B-field

Huge Effect!
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The baselin
e for track

recon
struction

in the CMS

track
er is the Kalman filter [2]. Throughout the filter

track
s are describ

ed by a five-dimensional state
vec-

tor, containing the information
about the momentum,

the directi
on and the positio

n at some refere
nce sur-

face.
The materia

l effects
are currently assumed to

be concentrate
d in the activ

e elements of the detect
or

layer
s. In this context the optimal treat

ment of ra-

diative
energy

loss is to corre
ct the momentum with
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Figure 1: Probability
density function

f(z) for different

thickness values.

the mean value of energy
loss and to increas

e the vari-

ance of the momentum by adding the varia
nce of the

energy
loss distrib

ution. This procedure should en-

sure unbiased
estim

ates
of the track

param
eters

and

of the associated
uncerta

inties [3]. The Kalman filter

is a linear least-
squares estim

ator,
and is proved

to be

optimal only when all probability
densities

encoun-

tered
during the track

recon
struction

procedure are

Gaussian
. The implicit assumption of approximating

the Bethe-Heitler
distrib

ution with a single Gaussian

is quite crude. It is therefo
re plausible that a non-

linear estim
ator

which takes
the actual shape of the

distrib
ution into accou

nt can do better.

A non-linear generaliz
ation

of the Kalman filter

(KF), the Gaussi
an-sum

filter (GSF) [4, 5], has there-

fore been implemented in the recon
struction

softw
are

of the CMS track
er [6]. In the GSF the distrib

utions of

all state
vecto

rs are Gaussian
mixtures, i.e. weighted

sums of Gaussian
s instead

of single Gaussian
s. The

algor
ithm is therefo

re appropriate
if the probability

densities
involve

d in track
recon

struction
can be ad-

equately
describ

ed by Gaussian
mixtures.

The basic

TULT009
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A few subtleties : the devil is in the details (17)
 Electrons : Tracking

 Because they radiate, many electrons would have failed the Nhits > 8 cut
 The Kalman filter pattern recognition quickly gives up

 The iterative tracking was initially meant at solving this issue for PF 
 Tracks with at least 3 hits are used as seed
 Use a Gaussian-Sum filter to follow the electron track all the way to ECAL

 Issue : GSF tracking is slow
 Use it only for pre-identified tracks

Small number of hits
Or : Poor quality fit
Or : p/EECAL not far from unity
Linked to pre-shower hits

 Concerns only 5% of the tracks
With 95% efficiency on electrons
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• Electrons radiate on average ≈ 70% of 

their energy in the track by 

bremsstrahlung• photons have > 50% probability to 

convert to e+e- pair• energy spreads in φ due to B-field

Huge Effect!
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Electron
track
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• If nothing is done, radiated 
photon energy counted twice

• once from electron initial 
track momentum pin

• once from the energy 
corresponding to the ECAL 
cluster(s), Ebrem

Recovering the 

Bremsstrahlung phot
ons
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track

• starting from each tracker layerIf tangent points to a ECAL cluster• link cluster to trackAnother possible handle• test compatibility between ECAL 
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• once from electron initial 
track momentum pin

• once from the energy 
corresponding to the ECAL 
cluster(s), Ebrem

Recovering the 

Bremsstrahlung phot
ons



14.08.2012

UIC University of Illinois
at Chicago

Fermilab

LPC
LHC Physics Center

of 50Slide:
Date: R. Cavanaugh, HCPSS 2012

Electron Identification

25

• Electrons radiate on average ≈ 70% of 

their energy in the track by 

bremsstrahlung• photons have > 50% probability to 

convert to e+e- pair• energy spreads in φ due to B-field

Huge Effect!

• If nothing is done, radiated 
photon energy counted twice

• once from electron initial 
track momentum pin

• once from the energy 
corresponding to the ECAL 
cluster(s), Ebrem

Recovering the 

Bremsstrahlung phot
ons



14.08.2012

UIC University of Illinois
at Chicago

Fermilab

LPC
LHC Physics Center

of 50Slide:
Date: R. Cavanaugh, HCPSS 2012

Electron Identification

25

• Electrons radiate on average ≈ 70% of 

their energy in the track by 

bremsstrahlung• photons have > 50% probability to 

convert to e+e- pair• energy spreads in φ due to B-field

Huge Effect!

• If nothing is done, radiated 
photon energy counted twice

• once from electron initial 
track momentum pin

• once from the energy 
corresponding to the ECAL 
cluster(s), Ebrem

Recovering the 

Bremsstrahlung phot
ons

Patrick Janot

A few subtleties : the devil is in the details (16)
 And what about electrons ? They radiate, and the brem ’s  convert  !
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• electrons radiate; pions don’t!• Use the following to discriminate• Number of hits of the KF tracks• Energy loss along GSF track:
                       Δp = pin - pout• Number of Brem γ’s associated with 
track

• Compare Ebrem and Δp = pin - pout• Compare Eelectron + Ebrem and pin• etc

Use Tracker as Preshower!
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Z0 => e+e-

Patrick Janot

 Electrons  :  Identification,  cont’d It works with data as in simulation ! K0S  
 J/  ee
 Z  ee

A few subtleties : the devil is in the details (21)

5-Feb-2011

Particle Flow Event Reconstruction

97
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 Electrons  :  Iden
tification,  cont’d

 It works with data as i
n simulation !

 K0S  
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charged 
particle

• Local speed of light in m
edium with refractive 

index n is c’ = c/
n

• If particle’s re
lative velocity

 v/c’ changes,

particle will radiate photons

• change of direction -> Sy
nchrotron rad

• change of spe
ed -> Bremsstrahlung rad

• change of ind
ex n -> Transi

tion rad

• Transition rad
 emitted whenever relativist

ic 

charged particle trave
rses border betwen two 

media having different dielectric cons
tants 

n = √ε

• Emitted energy proportio
nal to boost γ of 

particle

• can discriminate electron
s from pions!

• (also discriminate hadrons at high e
nergy)

Transition 
Radiation

An���������	
��
������������������  other���������	
��
������������������  way...

Recall:
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��
������������������  other���������	
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������������������  way...
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Figure 7: Comparison between data and Monte Carlo for the ratio, TR f rac, of high-threshold TRT hits over all

TRT hits, as measured for tracks from hadrons and electrons. The distribution of this fraction, as measured in

data and predicted by Monte Carlo, is shown (a) for the sample of hadron-enriched electron candidates passing

the medium identification criteria except for the requirement on f1 , which is reversed from f1 > 0.1 to f1 < 0.1.

This sample is predicted to contain mostly pions and kaons and only a very small fraction below 1% of electrons

from conversions. The probability per straw to measure a high-threshold hit is shown for samples of hadrons and

of electrons from reconstructed photon conversion vertices in the end-cap TRT (1.1 < |η | < 1.7) as a function

of the Lorentz γ-factor of the particle (b). For samples of charged hadron tracks (c) and pure electrons from

reconstructed photon conversions (d), selected in the momentum range 2.5−5 GeV in the barrel TRT (|η | < 0.6),

the fractions of tracks with TR f rac above a certain threshold as a function of this threshold is compared between

data and Monte Carlo.
geometrical in the case of prompt tracks (h→ e and Q→ e components), since the efficiency of the

pixel layers has been demonstrated to be very high using the data collected at the end of 2009 at √s =

0.9 TeV [9].In the case of electrons from photon conversions, the distribution of nBL is driven by the relative

amount of material traversed by photons before reaching this layer compared to the total amount of

material in the active part of the inner detector in which photon conversions can be efficiently recon-

structed with at least four silicon hits on each track (radii below 45 cm). The uncertainty on this relative

amount is known to be small, not more than 5%, from detailed studies of track reconstruction efficiencies

in minimum-bias events [10]. The impact of this uncertainty on the measurement is discussed in Sec-

tion 4.4.
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Energy estimation:
sum of energy of all crystals in SC
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CMS

Electron/photon reconstruction

Search for seed energy clusters in the EM calorimeter with significant
energy. (Seed clusters can be either a rectangular window or the
result of a nearest-neighbor clustering algorithm.)

Match cluster with tracks. Classify as electron, photon, or converted
photon.

Form a cluster from cells in a
rectangular region around the
seed. (Size depends on location
in detector and classification.)

Calculate energy and direction.
I Energy a weighted sum of

layer energies, with corrections
for detector e↵ects.

Scott Snyder (BNL) Electron/photon performance at ATLAS ICHEP2010 July 22, 2010 4 / 19
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Measuring Electron ID Efficiency

32

• Tag: Select a w
ell reconstruc

ted, tight 

selected electron from a sample of 

single electro
n triggered events

• Probe: Select a
n appropriate 

object (e.g. 

ECAL SuperCluster)

• Select criteria
 to define passing prob

es

• depends on what you want to study!

• Compute invariant
 mass of Tag an

d 

Probe, separat
ely 

• for failing pr
obes

• for passing pr
obes

• perform fit around Z0 or J/ψ mass peak

• Determine yields as a functio
n of 

electron pT

Tag and Pro
be Method
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C.Battilana    (CIEMAT) / 22ICATPP 2011,  3/7 October 2011,  Villa Olmo (Como - IT)

Tag and Probe Method

Baseline : 

select a good muon with proper matching with HLT information from a sample of events trigger 
by single muon HLT paths (tag)

select an appropriate object (i.e. a track for muon id. efficiency computation or a good offline 
muon for L1/HLT studies) that has a compatible vertex with the tag (probe)

select a criteria to define passing probes (i.e. a given set of quality cuts for offline muon id 
efficiency or matching with L1/HLT info for trigger efficiency) 

compute the invariant mass of tag and probe for failing and passing probes separately and 
perform a fit around the mass range of  expected di-muon resonances (J/Ψ or Z)

22

= / +( )
Efficiency
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Prompt Photon ID

33

• Unconverted photons have no 
redundancy: calorimeter only!

• Not many handles• Shower shape consistent with EM 

object
• use fine segmentation• Isolation!  
• can be particle-based or 

detector based• can be absolute or relative
• plus special tricks for cosmics/

beam halo

Challenges
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Prompt Photon ID

34

• Depends on the experiment details!
• CMS ECAL lives inside the B-field• Electrons in ECAL shower• spread radially out from impact point
• also bend in φ

• Photons often pair convert• bend in φ
• Effect:  “Jurasic symbol”

What do γ’s look like?



First IPM Meeting on LHC Physics, 2009 First IPM Meeting on LHC Physics, 2009 2828P. Vanlaer (ULB) P. Vanlaer (ULB) 

SuperClusters (SC)
SuperClustering aims at recovering energy of brem. 

photons (and conversion pairs)
In Barrel: “hybrid” algorithm

search for highest E
T
 crystal

make dominoes of h-width = 5 crystals
collect dominoes in wide f-road around seed (+/-17 
crystals)

            In Endcaps: 
                     “multi5x5”
           algorithm

Average p h oton  clu s ter  in  barrel (A.Askew)Average p h oton  clu s ter  in  barrel (A.Askew)
average���������	
��
������������������  energy���������	
��
������������������  deposits���������	
��
������������������  in
Individual���������	
��
������������������  ECAL���������	
��
������������������  Crystals
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• Photons often pair convert• bend in φ
• Effect:  “Jurasic symbol”
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• Depends on the experiment details!
• CMS ECAL lives inside the B-field• Electrons in ECAL shower• spread radially out from impact point
• also bend in φ

• Photons often pair convert• bend in φ
• Effect:  “Jurasic symbol”
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• make clusters of clusters
“superclusters” along φ
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• Depends on the experiment details!
• CMS ECAL lives inside the B-field• Electrons in ECAL shower• spread radially out from impact point
• also bend in φ

• Photons often pair convert• bend in φ
• Effect:  “Jurasic symbol”

What do γ’s look like?

• Cluster nearby cells together

• Ensure all energy is gathered

• due to converting photons
(or electron brem)

• make clusters of clusters
“superclusters” along φ

• Not particle-flow based algorithm!

Clusters & Superclust
ers
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• Using the difference in the showering between the signal 
and background events.

• Data shower shape template is fitted with signal and background shower shape using the extended log maximum likelihood optimization.
• Signal template is obtained from the Monte-Carlo and the background template is obtained from the data.
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• Using the difference in the showering between the signal 
and background events.

• Data shower shape template is fitted with signal and background shower shape using the extended log maximum likelihood optimization.
• Signal template is obtained from the Monte-Carlo and the background template is obtained from the data.
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• Rη = 3x7/7x7 r
atio of energies in η

• Rφ = 3x7/7x7 r
atio of energies in φ

• wη = RMS width along η of c
luster

• ET(had)/ET = hadronic E fraction

   ID π0 giving two sep. showers

• Eratio = Ratio of 1st & 2nd maxima 

along η

• ΔE = diff between 2nd max and min

   ID π0 giving two merged showers

• Fside = energy in 7 cells
 centered 

around 1st max (excluding the core 

cells)

• ws3 = RMS width of core cell
s

Shower shape
 variables
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have been chosen in order to obtain an efficiency around 99% with respect to reconstruction for true

prompt photons (both converted and unconverted ones) for transverse energies greater than 20 GeV [10].
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Figure 3: Examples of discriminating shower shape variables based on the energy deposits in the second

longitudinal compartment of the electromagnetic calorimeter for photon candidates with |η| < 0.6. The
data are represented by dots, the histograms represent the expectations from Monte Carlo simulations

for true prompt photons (hollow white histogram) and all photon candidates from signal and background

processes (filled blue histogram). For the normalization of the simulated distributions see caption of

Fig. 2. Left: transverse shape variable Rη. Right: transverse shape variable Rφ. Top: unconverted photon

candidates. Bottom: converted photon candidates.

To reject further the background, the shower shape in the first layer of the calorimeter is examined.

Several variables which discriminate single photon showers from overlapping nearby showers originating

by photon pairs from neutral meson decays are computed from the energy deposited in the first layer:

• the total RMS width ws,tot of the energy distribution along η over all the cells of the cluster,

• the asymmetry Eratio between the first and second maxima in the energy profile of the first layer
along η (1 when there is no second maximum),

• the energy difference ∆E between the second maximum and the minimum between the two max-
ima (0 when there is no second maximum),

• the fraction Fside of the energy in seven cells centered around the first maximum which is not
contained in the three core cells centered around the first maximum,
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• Using the difference in the showering between the signal 
and background events.

• Data shower shape template is fitted with signal and background shower shape using the extended log maximum likelihood optimization.
• Signal template is obtained from the Monte-Carlo and the background template is obtained from the data.

σηη

N
Data

Signal

Background            Pre-
select γ’s

• Rη = 3x7/7x7 r
atio of energies in η

• Rφ = 3x7/7x7 r
atio of energies in φ

• wη = RMS width along η of c
luster

• ET(had)/ET = hadronic E fraction

   ID π0 giving two sep. showers

• Eratio = Ratio of 1st & 2nd maxima 

along η

• ΔE = diff between 2nd max and min

   ID π0 giving two merged showers

• Fside = energy in 7 cells
 centered 

around 1st max (excluding the core 

cells)

• ws3 = RMS width of core cell
s

Shower shape
 variables



14.08.2012

UIC University of Illinois
at Chicago

Fermilab

LPC
LHC Physics Center

of 50Slide:
Date: R. Cavanaugh, HCPSS 2012

Prompt Photon ID

35

have been chosen in order to obtain an efficiency around 99% with respect to reconstruction for true

prompt photons (both converted and unconverted ones) for transverse energies greater than 20 GeV [10].
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Figure 3: Examples of discriminating shower shape variables based on the energy deposits in the second

longitudinal compartment of the electromagnetic calorimeter for photon candidates with |η| < 0.6. The
data are represented by dots, the histograms represent the expectations from Monte Carlo simulations

for true prompt photons (hollow white histogram) and all photon candidates from signal and background

processes (filled blue histogram). For the normalization of the simulated distributions see caption of

Fig. 2. Left: transverse shape variable Rη. Right: transverse shape variable Rφ. Top: unconverted photon

candidates. Bottom: converted photon candidates.

To reject further the background, the shower shape in the first layer of the calorimeter is examined.

Several variables which discriminate single photon showers from overlapping nearby showers originating

by photon pairs from neutral meson decays are computed from the energy deposited in the first layer:

• the total RMS width ws,tot of the energy distribution along η over all the cells of the cluster,

• the asymmetry Eratio between the first and second maxima in the energy profile of the first layer
along η (1 when there is no second maximum),

• the energy difference ∆E between the second maximum and the minimum between the two max-
ima (0 when there is no second maximum),

• the fraction Fside of the energy in seven cells centered around the first maximum which is not
contained in the three core cells centered around the first maximum,
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have been chosen in order to obtain an efficiency around 99% with respect to reconstruction for true

prompt photons (both converted and unconverted ones) for transverse energies greater than 20 GeV [10].
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Figure 3: Examples of discriminating shower shape variables based on the energy deposits in the second

longitudinal compartment of the electromagnetic calorimeter for photon candidates with |η| < 0.6. The
data are represented by dots, the histograms represent the expectations from Monte Carlo simulations

for true prompt photons (hollow white histogram) and all photon candidates from signal and background

processes (filled blue histogram). For the normalization of the simulated distributions see caption of

Fig. 2. Left: transverse shape variable Rη. Right: transverse shape variable Rφ. Top: unconverted photon

candidates. Bottom: converted photon candidates.

To reject further the background, the shower shape in the first layer of the calorimeter is examined.

Several variables which discriminate single photon showers from overlapping nearby showers originating

by photon pairs from neutral meson decays are computed from the energy deposited in the first layer:

• the total RMS width ws,tot of the energy distribution along η over all the cells of the cluster,

• the asymmetry Eratio between the first and second maxima in the energy profile of the first layer
along η (1 when there is no second maximum),

• the energy difference ∆E between the second maximum and the minimum between the two max-
ima (0 when there is no second maximum),

• the fraction Fside of the energy in seven cells centered around the first maximum which is not
contained in the three core cells centered around the first maximum,
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and background events.

• Data shower shape template is fitted with signal and background shower shape using the extended log maximum likelihood optimization.
• Signal template is obtained from the Monte-Carlo and the background template is obtained from the data.
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Figure 4: Examples of discriminating shower shape variables based on the energy deposit in the first

longitudinal compartment of the electromagnetic calorimeter, for all photon candidates (converted and

unconverted) passing the preselection and the loose identification criteria. The data are represented by

dots, the histograms represent the expectations from Monte Carlo simulations for true prompt photons

(hollow white histogram) and all photon candidates from signal and background processes (filled blue

histogram). For the normalization of the simulated distributions see caption of Fig. 2. Left: Eratio.

Right: Fside. Top: photon candidates with pseudorapidity |η| < 0.6. Bottom: photon candidates with
pseudorapidity 1.8 ≤ |η| < 2.37.

background candidates with transverse energy above 10 GeV. Photon candidates with isolation energies

higher than 5 GeV are considered as “non-isolated”.

5 Efficiency of the photon identification and trigger criteria

5.1 Photon identification efficiency

The efficiency of the photon reconstruction and identification criteria (excluding the trigger efficiency,

which is determined directly on data), is determined from the hard-scattering photon PYTHIA Monte

Carlo sample. The reconstruction and identification efficiency as a function of the true photon transverse

energy, after the preselection criteria described in the previous section have been applied is shown in

Figure 6. The efficiency is slightly lower for photons from QED radiation which are less isolated.

To estimate the systematic uncertainties from the description of material before the calorimeter, ded-

icated single photon samples with different geometry layouts have been simulated. In these samples,

additional dead material has been placed in the inner detector volumes, in the electromagnetic calorime-

8

have been chosen in order to obtain an efficiency around 99% with respect to reconstruction for true

prompt photons (both converted and unconverted ones) for transverse energies greater than 20 GeV [10].
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Figure 3: Examples of discriminating shower shape variables based on the energy deposits in the second

longitudinal compartment of the electromagnetic calorimeter for photon candidates with |η| < 0.6. The
data are represented by dots, the histograms represent the expectations from Monte Carlo simulations

for true prompt photons (hollow white histogram) and all photon candidates from signal and background

processes (filled blue histogram). For the normalization of the simulated distributions see caption of

Fig. 2. Left: transverse shape variable Rη. Right: transverse shape variable Rφ. Top: unconverted photon

candidates. Bottom: converted photon candidates.

To reject further the background, the shower shape in the first layer of the calorimeter is examined.

Several variables which discriminate single photon showers from overlapping nearby showers originating

by photon pairs from neutral meson decays are computed from the energy deposited in the first layer:

• the total RMS width ws,tot of the energy distribution along η over all the cells of the cluster,

• the asymmetry Eratio between the first and second maxima in the energy profile of the first layer
along η (1 when there is no second maximum),

• the energy difference ∆E between the second maximum and the minimum between the two max-
ima (0 when there is no second maximum),

• the fraction Fside of the energy in seven cells centered around the first maximum which is not
contained in the three core cells centered around the first maximum,
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have been chosen in order to obtain an efficiency around 99% with respect to reconstruction for true

prompt photons (both converted and unconverted ones) for transverse energies greater than 20 GeV [10].
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Figure 3: Examples of discriminating shower shape variables based on the energy deposits in the second

longitudinal compartment of the electromagnetic calorimeter for photon candidates with |η| < 0.6. The
data are represented by dots, the histograms represent the expectations from Monte Carlo simulations

for true prompt photons (hollow white histogram) and all photon candidates from signal and background

processes (filled blue histogram). For the normalization of the simulated distributions see caption of

Fig. 2. Left: transverse shape variable Rη. Right: transverse shape variable Rφ. Top: unconverted photon

candidates. Bottom: converted photon candidates.

To reject further the background, the shower shape in the first layer of the calorimeter is examined.

Several variables which discriminate single photon showers from overlapping nearby showers originating

by photon pairs from neutral meson decays are computed from the energy deposited in the first layer:

• the total RMS width ws,tot of the energy distribution along η over all the cells of the cluster,

• the asymmetry Eratio between the first and second maxima in the energy profile of the first layer
along η (1 when there is no second maximum),

• the energy difference ∆E between the second maximum and the minimum between the two max-
ima (0 when there is no second maximum),

• the fraction Fside of the energy in seven cells centered around the first maximum which is not
contained in the three core cells centered around the first maximum,
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Figure 4: Examples of discriminating shower shape variables based on the energy deposit in the first

longitudinal compartment of the electromagnetic calorimeter, for all photon candidates (converted and

unconverted) passing the preselection and the loose identification criteria. The data are represented by

dots, the histograms represent the expectations from Monte Carlo simulations for true prompt photons

(hollow white histogram) and all photon candidates from signal and background processes (filled blue

histogram). For the normalization of the simulated distributions see caption of Fig. 2. Left: Eratio.

Right: Fside. Top: photon candidates with pseudorapidity |η| < 0.6. Bottom: photon candidates with
pseudorapidity 1.8 ≤ |η| < 2.37.

background candidates with transverse energy above 10 GeV. Photon candidates with isolation energies

higher than 5 GeV are considered as “non-isolated”.

5 Efficiency of the photon identification and trigger criteria

5.1 Photon identification efficiency

The efficiency of the photon reconstruction and identification criteria (excluding the trigger efficiency,

which is determined directly on data), is determined from the hard-scattering photon PYTHIA Monte

Carlo sample. The reconstruction and identification efficiency as a function of the true photon transverse

energy, after the preselection criteria described in the previous section have been applied is shown in

Figure 6. The efficiency is slightly lower for photons from QED radiation which are less isolated.

To estimate the systematic uncertainties from the description of material before the calorimeter, ded-

icated single photon samples with different geometry layouts have been simulated. In these samples,

additional dead material has been placed in the inner detector volumes, in the electromagnetic calorime-

8

have been chosen in order to obtain an efficiency around 99% with respect to reconstruction for true

prompt photons (both converted and unconverted ones) for transverse energies greater than 20 GeV [10].
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Figure 3: Examples of discriminating shower shape variables based on the energy deposits in the second

longitudinal compartment of the electromagnetic calorimeter for photon candidates with |η| < 0.6. The
data are represented by dots, the histograms represent the expectations from Monte Carlo simulations

for true prompt photons (hollow white histogram) and all photon candidates from signal and background

processes (filled blue histogram). For the normalization of the simulated distributions see caption of

Fig. 2. Left: transverse shape variable Rη. Right: transverse shape variable Rφ. Top: unconverted photon

candidates. Bottom: converted photon candidates.

To reject further the background, the shower shape in the first layer of the calorimeter is examined.

Several variables which discriminate single photon showers from overlapping nearby showers originating

by photon pairs from neutral meson decays are computed from the energy deposited in the first layer:

• the total RMS width ws,tot of the energy distribution along η over all the cells of the cluster,

• the asymmetry Eratio between the first and second maxima in the energy profile of the first layer
along η (1 when there is no second maximum),

• the energy difference ∆E between the second maximum and the minimum between the two max-
ima (0 when there is no second maximum),

• the fraction Fside of the energy in seven cells centered around the first maximum which is not
contained in the three core cells centered around the first maximum,
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have been chosen in order to obtain an efficiency around 99% with respect to reconstruction for true

prompt photons (both converted and unconverted ones) for transverse energies greater than 20 GeV [10].
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Figure 3: Examples of discriminating shower shape variables based on the energy deposits in the second

longitudinal compartment of the electromagnetic calorimeter for photon candidates with |η| < 0.6. The
data are represented by dots, the histograms represent the expectations from Monte Carlo simulations

for true prompt photons (hollow white histogram) and all photon candidates from signal and background

processes (filled blue histogram). For the normalization of the simulated distributions see caption of

Fig. 2. Left: transverse shape variable Rη. Right: transverse shape variable Rφ. Top: unconverted photon

candidates. Bottom: converted photon candidates.

To reject further the background, the shower shape in the first layer of the calorimeter is examined.

Several variables which discriminate single photon showers from overlapping nearby showers originating

by photon pairs from neutral meson decays are computed from the energy deposited in the first layer:

• the total RMS width ws,tot of the energy distribution along η over all the cells of the cluster,

• the asymmetry Eratio between the first and second maxima in the energy profile of the first layer
along η (1 when there is no second maximum),

• the energy difference ∆E between the second maximum and the minimum between the two max-
ima (0 when there is no second maximum),

• the fraction Fside of the energy in seven cells centered around the first maximum which is not
contained in the three core cells centered around the first maximum,
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Figure 4: Examples of discriminating shower shape variables based on the energy deposit in the first

longitudinal compartment of the electromagnetic calorimeter, for all photon candidates (converted and

unconverted) passing the preselection and the loose identification criteria. The data are represented by

dots, the histograms represent the expectations from Monte Carlo simulations for true prompt photons

(hollow white histogram) and all photon candidates from signal and background processes (filled blue

histogram). For the normalization of the simulated distributions see caption of Fig. 2. Left: Eratio.

Right: Fside. Top: photon candidates with pseudorapidity |η| < 0.6. Bottom: photon candidates with
pseudorapidity 1.8 ≤ |η| < 2.37.

background candidates with transverse energy above 10 GeV. Photon candidates with isolation energies

higher than 5 GeV are considered as “non-isolated”.

5 Efficiency of the photon identification and trigger criteria

5.1 Photon identification efficiency

The efficiency of the photon reconstruction and identification criteria (excluding the trigger efficiency,

which is determined directly on data), is determined from the hard-scattering photon PYTHIA Monte

Carlo sample. The reconstruction and identification efficiency as a function of the true photon transverse

energy, after the preselection criteria described in the previous section have been applied is shown in

Figure 6. The efficiency is slightly lower for photons from QED radiation which are less isolated.

To estimate the systematic uncertainties from the description of material before the calorimeter, ded-

icated single photon samples with different geometry layouts have been simulated. In these samples,

additional dead material has been placed in the inner detector volumes, in the electromagnetic calorime-
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have been chosen in order to obtain an efficiency around 99% with respect to reconstruction for true

prompt photons (both converted and unconverted ones) for transverse energies greater than 20 GeV [10].
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Figure 3: Examples of discriminating shower shape variables based on the energy deposits in the second

longitudinal compartment of the electromagnetic calorimeter for photon candidates with |η| < 0.6. The
data are represented by dots, the histograms represent the expectations from Monte Carlo simulations

for true prompt photons (hollow white histogram) and all photon candidates from signal and background

processes (filled blue histogram). For the normalization of the simulated distributions see caption of

Fig. 2. Left: transverse shape variable Rη. Right: transverse shape variable Rφ. Top: unconverted photon

candidates. Bottom: converted photon candidates.

To reject further the background, the shower shape in the first layer of the calorimeter is examined.

Several variables which discriminate single photon showers from overlapping nearby showers originating

by photon pairs from neutral meson decays are computed from the energy deposited in the first layer:

• the total RMS width ws,tot of the energy distribution along η over all the cells of the cluster,

• the asymmetry Eratio between the first and second maxima in the energy profile of the first layer
along η (1 when there is no second maximum),

• the energy difference ∆E between the second maximum and the minimum between the two max-
ima (0 when there is no second maximum),

• the fraction Fside of the energy in seven cells centered around the first maximum which is not
contained in the three core cells centered around the first maximum,
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have been chosen in order to obtain an efficiency around 99% with respect to reconstruction for true

prompt photons (both converted and unconverted ones) for transverse energies greater than 20 GeV [10].
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Figure 3: Examples of discriminating shower shape variables based on the energy deposits in the second

longitudinal compartment of the electromagnetic calorimeter for photon candidates with |η| < 0.6. The
data are represented by dots, the histograms represent the expectations from Monte Carlo simulations

for true prompt photons (hollow white histogram) and all photon candidates from signal and background

processes (filled blue histogram). For the normalization of the simulated distributions see caption of

Fig. 2. Left: transverse shape variable Rη. Right: transverse shape variable Rφ. Top: unconverted photon

candidates. Bottom: converted photon candidates.

To reject further the background, the shower shape in the first layer of the calorimeter is examined.

Several variables which discriminate single photon showers from overlapping nearby showers originating

by photon pairs from neutral meson decays are computed from the energy deposited in the first layer:

• the total RMS width ws,tot of the energy distribution along η over all the cells of the cluster,

• the asymmetry Eratio between the first and second maxima in the energy profile of the first layer
along η (1 when there is no second maximum),

• the energy difference ∆E between the second maximum and the minimum between the two max-
ima (0 when there is no second maximum),

• the fraction Fside of the energy in seven cells centered around the first maximum which is not
contained in the three core cells centered around the first maximum,
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Figure 4: Examples of discriminating shower shape variables based on the energy deposit in the first

longitudinal compartment of the electromagnetic calorimeter, for all photon candidates (converted and

unconverted) passing the preselection and the loose identification criteria. The data are represented by

dots, the histograms represent the expectations from Monte Carlo simulations for true prompt photons

(hollow white histogram) and all photon candidates from signal and background processes (filled blue

histogram). For the normalization of the simulated distributions see caption of Fig. 2. Left: Eratio.

Right: Fside. Top: photon candidates with pseudorapidity |η| < 0.6. Bottom: photon candidates with
pseudorapidity 1.8 ≤ |η| < 2.37.

background candidates with transverse energy above 10 GeV. Photon candidates with isolation energies

higher than 5 GeV are considered as “non-isolated”.

5 Efficiency of the photon identification and trigger criteria

5.1 Photon identification efficiency

The efficiency of the photon reconstruction and identification criteria (excluding the trigger efficiency,

which is determined directly on data), is determined from the hard-scattering photon PYTHIA Monte

Carlo sample. The reconstruction and identification efficiency as a function of the true photon transverse

energy, after the preselection criteria described in the previous section have been applied is shown in

Figure 6. The efficiency is slightly lower for photons from QED radiation which are less isolated.

To estimate the systematic uncertainties from the description of material before the calorimeter, ded-

icated single photon samples with different geometry layouts have been simulated. In these samples,

additional dead material has been placed in the inner detector volumes, in the electromagnetic calorime-

8

have been chosen in order to obtain an efficiency around 99% with respect to reconstruction for true

prompt photons (both converted and unconverted ones) for transverse energies greater than 20 GeV [10].
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Figure 3: Examples of discriminating shower shape variables based on the energy deposits in the second

longitudinal compartment of the electromagnetic calorimeter for photon candidates with |η| < 0.6. The
data are represented by dots, the histograms represent the expectations from Monte Carlo simulations

for true prompt photons (hollow white histogram) and all photon candidates from signal and background

processes (filled blue histogram). For the normalization of the simulated distributions see caption of

Fig. 2. Left: transverse shape variable Rη. Right: transverse shape variable Rφ. Top: unconverted photon

candidates. Bottom: converted photon candidates.

To reject further the background, the shower shape in the first layer of the calorimeter is examined.

Several variables which discriminate single photon showers from overlapping nearby showers originating

by photon pairs from neutral meson decays are computed from the energy deposited in the first layer:

• the total RMS width ws,tot of the energy distribution along η over all the cells of the cluster,

• the asymmetry Eratio between the first and second maxima in the energy profile of the first layer
along η (1 when there is no second maximum),

• the energy difference ∆E between the second maximum and the minimum between the two max-
ima (0 when there is no second maximum),

• the fraction Fside of the energy in seven cells centered around the first maximum which is not
contained in the three core cells centered around the first maximum,
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have been chosen in order to obtain an efficiency around 99% with respect to reconstruction for true

prompt photons (both converted and unconverted ones) for transverse energies greater than 20 GeV [10].
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Figure 3: Examples of discriminating shower shape variables based on the energy deposits in the second

longitudinal compartment of the electromagnetic calorimeter for photon candidates with |η| < 0.6. The
data are represented by dots, the histograms represent the expectations from Monte Carlo simulations

for true prompt photons (hollow white histogram) and all photon candidates from signal and background

processes (filled blue histogram). For the normalization of the simulated distributions see caption of

Fig. 2. Left: transverse shape variable Rη. Right: transverse shape variable Rφ. Top: unconverted photon

candidates. Bottom: converted photon candidates.

To reject further the background, the shower shape in the first layer of the calorimeter is examined.

Several variables which discriminate single photon showers from overlapping nearby showers originating

by photon pairs from neutral meson decays are computed from the energy deposited in the first layer:

• the total RMS width ws,tot of the energy distribution along η over all the cells of the cluster,

• the asymmetry Eratio between the first and second maxima in the energy profile of the first layer
along η (1 when there is no second maximum),

• the energy difference ∆E between the second maximum and the minimum between the two max-
ima (0 when there is no second maximum),

• the fraction Fside of the energy in seven cells centered around the first maximum which is not
contained in the three core cells centered around the first maximum,
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Figure 4: Examples of discriminating shower shape variables based on the energy deposit in the first

longitudinal compartment of the electromagnetic calorimeter, for all photon candidates (converted and

unconverted) passing the preselection and the loose identification criteria. The data are represented by

dots, the histograms represent the expectations from Monte Carlo simulations for true prompt photons

(hollow white histogram) and all photon candidates from signal and background processes (filled blue

histogram). For the normalization of the simulated distributions see caption of Fig. 2. Left: Eratio.

Right: Fside. Top: photon candidates with pseudorapidity |η| < 0.6. Bottom: photon candidates with
pseudorapidity 1.8 ≤ |η| < 2.37.

background candidates with transverse energy above 10 GeV. Photon candidates with isolation energies

higher than 5 GeV are considered as “non-isolated”.

5 Efficiency of the photon identification and trigger criteria

5.1 Photon identification efficiency

The efficiency of the photon reconstruction and identification criteria (excluding the trigger efficiency,

which is determined directly on data), is determined from the hard-scattering photon PYTHIA Monte

Carlo sample. The reconstruction and identification efficiency as a function of the true photon transverse

energy, after the preselection criteria described in the previous section have been applied is shown in

Figure 6. The efficiency is slightly lower for photons from QED radiation which are less isolated.

To estimate the systematic uncertainties from the description of material before the calorimeter, ded-

icated single photon samples with different geometry layouts have been simulated. In these samples,

additional dead material has been placed in the inner detector volumes, in the electromagnetic calorime-
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have been chosen in order to obtain an efficiency around 99% with respect to reconstruction for true

prompt photons (both converted and unconverted ones) for transverse energies greater than 20 GeV [10].
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Figure 3: Examples of discriminating shower shape variables based on the energy deposits in the second

longitudinal compartment of the electromagnetic calorimeter for photon candidates with |η| < 0.6. The
data are represented by dots, the histograms represent the expectations from Monte Carlo simulations

for true prompt photons (hollow white histogram) and all photon candidates from signal and background

processes (filled blue histogram). For the normalization of the simulated distributions see caption of

Fig. 2. Left: transverse shape variable Rη. Right: transverse shape variable Rφ. Top: unconverted photon

candidates. Bottom: converted photon candidates.

To reject further the background, the shower shape in the first layer of the calorimeter is examined.

Several variables which discriminate single photon showers from overlapping nearby showers originating

by photon pairs from neutral meson decays are computed from the energy deposited in the first layer:

• the total RMS width ws,tot of the energy distribution along η over all the cells of the cluster,

• the asymmetry Eratio between the first and second maxima in the energy profile of the first layer
along η (1 when there is no second maximum),

• the energy difference ∆E between the second maximum and the minimum between the two max-
ima (0 when there is no second maximum),

• the fraction Fside of the energy in seven cells centered around the first maximum which is not
contained in the three core cells centered around the first maximum,
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have been chosen in order to obtain an efficiency around 99% with respect to reconstruction for true

prompt photons (both converted and unconverted ones) for transverse energies greater than 20 GeV [10].
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Figure 3: Examples of discriminating shower shape variables based on the energy deposits in the second

longitudinal compartment of the electromagnetic calorimeter for photon candidates with |η| < 0.6. The
data are represented by dots, the histograms represent the expectations from Monte Carlo simulations

for true prompt photons (hollow white histogram) and all photon candidates from signal and background

processes (filled blue histogram). For the normalization of the simulated distributions see caption of

Fig. 2. Left: transverse shape variable Rη. Right: transverse shape variable Rφ. Top: unconverted photon

candidates. Bottom: converted photon candidates.

To reject further the background, the shower shape in the first layer of the calorimeter is examined.

Several variables which discriminate single photon showers from overlapping nearby showers originating

by photon pairs from neutral meson decays are computed from the energy deposited in the first layer:

• the total RMS width ws,tot of the energy distribution along η over all the cells of the cluster,

• the asymmetry Eratio between the first and second maxima in the energy profile of the first layer
along η (1 when there is no second maximum),

• the energy difference ∆E between the second maximum and the minimum between the two max-
ima (0 when there is no second maximum),

• the fraction Fside of the energy in seven cells centered around the first maximum which is not
contained in the three core cells centered around the first maximum,
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Figure 4: Examples of discriminating shower shape variables based on the energy deposit in the first

longitudinal compartment of the electromagnetic calorimeter, for all photon candidates (converted and

unconverted) passing the preselection and the loose identification criteria. The data are represented by

dots, the histograms represent the expectations from Monte Carlo simulations for true prompt photons

(hollow white histogram) and all photon candidates from signal and background processes (filled blue

histogram). For the normalization of the simulated distributions see caption of Fig. 2. Left: Eratio.

Right: Fside. Top: photon candidates with pseudorapidity |η| < 0.6. Bottom: photon candidates with
pseudorapidity 1.8 ≤ |η| < 2.37.

background candidates with transverse energy above 10 GeV. Photon candidates with isolation energies

higher than 5 GeV are considered as “non-isolated”.

5 Efficiency of the photon identification and trigger criteria

5.1 Photon identification efficiency

The efficiency of the photon reconstruction and identification criteria (excluding the trigger efficiency,

which is determined directly on data), is determined from the hard-scattering photon PYTHIA Monte

Carlo sample. The reconstruction and identification efficiency as a function of the true photon transverse

energy, after the preselection criteria described in the previous section have been applied is shown in

Figure 6. The efficiency is slightly lower for photons from QED radiation which are less isolated.

To estimate the systematic uncertainties from the description of material before the calorimeter, ded-

icated single photon samples with different geometry layouts have been simulated. In these samples,

additional dead material has been placed in the inner detector volumes, in the electromagnetic calorime-
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have been chosen in order to obtain an efficiency around 99% with respect to reconstruction for true

prompt photons (both converted and unconverted ones) for transverse energies greater than 20 GeV [10].
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Figure 3: Examples of discriminating shower shape variables based on the energy deposits in the second

longitudinal compartment of the electromagnetic calorimeter for photon candidates with |η| < 0.6. The
data are represented by dots, the histograms represent the expectations from Monte Carlo simulations

for true prompt photons (hollow white histogram) and all photon candidates from signal and background

processes (filled blue histogram). For the normalization of the simulated distributions see caption of

Fig. 2. Left: transverse shape variable Rη. Right: transverse shape variable Rφ. Top: unconverted photon

candidates. Bottom: converted photon candidates.

To reject further the background, the shower shape in the first layer of the calorimeter is examined.

Several variables which discriminate single photon showers from overlapping nearby showers originating

by photon pairs from neutral meson decays are computed from the energy deposited in the first layer:

• the total RMS width ws,tot of the energy distribution along η over all the cells of the cluster,

• the asymmetry Eratio between the first and second maxima in the energy profile of the first layer
along η (1 when there is no second maximum),

• the energy difference ∆E between the second maximum and the minimum between the two max-
ima (0 when there is no second maximum),

• the fraction Fside of the energy in seven cells centered around the first maximum which is not
contained in the three core cells centered around the first maximum,
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have been chosen in order to obtain an efficiency around 99% with respect to reconstruction for true

prompt photons (both converted and unconverted ones) for transverse energies greater than 20 GeV [10].
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Figure 3: Examples of discriminating shower shape variables based on the energy deposits in the second

longitudinal compartment of the electromagnetic calorimeter for photon candidates with |η| < 0.6. The
data are represented by dots, the histograms represent the expectations from Monte Carlo simulations

for true prompt photons (hollow white histogram) and all photon candidates from signal and background

processes (filled blue histogram). For the normalization of the simulated distributions see caption of

Fig. 2. Left: transverse shape variable Rη. Right: transverse shape variable Rφ. Top: unconverted photon

candidates. Bottom: converted photon candidates.

To reject further the background, the shower shape in the first layer of the calorimeter is examined.

Several variables which discriminate single photon showers from overlapping nearby showers originating

by photon pairs from neutral meson decays are computed from the energy deposited in the first layer:

• the total RMS width ws,tot of the energy distribution along η over all the cells of the cluster,

• the asymmetry Eratio between the first and second maxima in the energy profile of the first layer
along η (1 when there is no second maximum),

• the energy difference ∆E between the second maximum and the minimum between the two max-
ima (0 when there is no second maximum),

• the fraction Fside of the energy in seven cells centered around the first maximum which is not
contained in the three core cells centered around the first maximum,
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• Using the difference in the showering between the signal 
and background events.

• Data shower shape template is fitted 
with signal and background shower 
shape using the extended log 
maximum likelihood optimization.

• Signal template is obtained from the 
Monte-Carlo and the background 
template is obtained from the data.
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            Pre-
select γ’s

• Rη = 3x7/7x7 r
atio of energies in η

• Rφ = 3x7/7x7 r
atio of energies in φ

• wη = RMS width along η of c
luster

• ET(had)/ET = hadronic E fraction

   ID π0 giving two sep. showers

• Eratio = Ratio of 1st & 2nd maxima 

along η

• ΔE = diff between 2nd max and min

   ID π0 giving two merged showers

• Fside = energy in 7 cells
 centered 

around 1st max (excluding the core 

cells)

• ws3 = RMS width of core cell
s

Shower shape
 variables

• Correct clustered energy for
• losses due to interactions in material

• rear leakage • due to cracks, punch through, etc
• lateral leakage• due to fixed cluster window

Do this separately for• unconverted γ’s• converted γ’s

Energy Calibration
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• cone 0.4 
• centered on γ candidate (include ECAL & HCAL, tracker) e.g. 

I = Trk Iso + HCAL Iso + ECAL Iso
• ATLAS: exclude 5x7 EM cells around barycenter
• CMS: exclude “Jurasic” symbol around barycenter

• small lateral leakage subtracted on average
• ambient energy density subtracted on average (UE + PU)
• γ candidates having < 3 GeV isolation considered “isolated”

Non-PF Isolation
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• ATLAS: exclude 5x7 EM cells around barycenter
• CMS: exclude “Jurasic” symbol around barycenter

• small lateral leakage subtracted on average
• ambient energy density subtracted on average (UE + PU)
• γ candidates having < 3 GeV isolation considered “isolated”

Non-PF Isolation

Photon Isolation Variables

Isolation variable 

IsoTRK =ΣR<0.4 track pT

IsoECAL =ΣR<0.4 ET ECAL

IsoHCAL =ΣR<0.4 ET HCAL

H/E =ΣR<0.15 EHCAL/EECAL

• Defined as a hollow cone removing a 

central eta strip

– Suited for use of electrons as control 

sample
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Figure 5:
Distribut

ion of the
isolation

energy of
reconstru

cted phot
on candid

ates pass
ing the pr

eselection

and the l
oose iden

tification
criteria.

The data
are repre

sented by
dots, the

histogram
s represe

nt the

expectati
ons from

Monte C
arlo simu

lations fo
r true pro

mpt phot
ons (holl

ow white
histogram

) and all

photon c
andidates

from sign
al and ba

ckground
processes

(filled blu
e histogr

am). For
the norm

alization

of the sim
ulated dis

tributions
see captio

n of Fig.
2.

ter cryos
tat and b

etween th
e presam

pler and
the first l

ayer of th
e calorim

eter. In t
he first c

ase, inac
tive

material
has been

added to
the pixel

system (f
rom 1 to

4% of a r
adiation

length at
η = 0), to

the silico
n

microstri
p detecto

r (from 1
to 10% o

f a radiat
ion lengt

h at η = 0
), and in

the transi
tion radia

tion detec
tor

(from 0
to 15% o

f a radiat
ion lengt

h depend
ing on η

). The m
aterial in

the cryos
tat and b

etween th
e

presampl
er and th

e first cal
orimeter

layer hav
e been in

creased b
y 10% an

d 5% of
a radiatio

n length,
re-

spectivel
y. From t

hese simu
lations, a

0.3% effi
ciency de

crease pe
r 1% radi

ation len
gth mater

ial increa
se

before th
e calorim

eter is ex
pected. F

rom the a
priori kn

owledge
of the ma

terial bef
ore the c

alorimete
r,

uncertain
ties of a

few % ar
e then ex

pected. T
he amoun

t of cross
-talk betw

een calor
imeter ce

lls has al
so

been vari
ed in the

simulatio
n to estim

ate its im
pact on t

he photo
n efficien

cy which
is found

to be at t
he

2% level
at ET clo

se to 10 G
eV when

the cross
-talk is in

creased b
y 50%.

Another
approach

consists
in startin

g from t
he showe

r shape c
ompariso

ns shown
in the pr

evious

section fo
r the back

ground d
ominated

candidate
s and to d

erive scal
e factors

between
data and

simulatio
n

for each v
ariable th

at can the
n be appl

ied to the
signal M

onte Carl
o sample

s. This ap
proach is

sensitive
in

addition
to uncert

ainties in
the backg

round co
mpositio

n modeli
ng, as we

ll as to st
atistical u

ncertainti
es

in the da
ta. Typic

al effects
of 5-10%

on the effi
ciency ar

e obtaine
d this wa

y. In the
future, sa

mples of

clean ele
ctrons sh

ould prov
ide a bett

er check
of the sho

wer shap
e simulat

ion and o
f the pho

ton effici
ency

uncertain
ty.

The impa
ct of the c

lassificat
ion betwe

en conve
rted and u

nconverte
d photon

candidate
s is also s

tudied

varying t
he efficie

ncy of co
rrectly cl

assifying
converted

photon ca
ndidates

in the sim
ulation an

d is found

to be 1%
on the ov

erall effic
iency for

a 10% ch
ange in t

he efficie
ncy to cl

assify co
rrectly co

nverted

photons.
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• Absolute energy in cone:

• Relative energy in cone:

• Apply average correction for neutral PU• determine from event energy density • Typically require I < 15% • efficiency ≈ independent of PU!

Isolation from other particles

I =
P

pT (h±) +
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ET (�) +
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ET (h0)pT (e±)
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Figure 8: Illustration of the t
wo-dimensional plane, defin

ed by means of the isolation
and a subset of the

photon identification (ID) v
ariables, used for estimating

, from the observed yields N
B, MA and M

B in

the three control regions, the
background yield in the sign

al region where the observed
total yield is N

A.

NAbkg = N
B × MA/MB. The estimated signal yiel

d (NAsig) and
purity (P) in the signal regio

n are therefore:

NAsig = NA − NB
MA

MB
(1)

P = 1 −
NB

NA
MA

MB
(2)

Provided the two assumption
s above are satisfied, this me

thod does not rely on any ot
her inputs.

The choice of the shower s
hape variables to be used f

or the definition of the back
ground control

regions is driven by two ma
in criteria. To minimize cor

relations between the isolati
on variable and the

first layer variables, one wou
ld prefer to revert only the c

uts on a small subset of show
er shape variables

that are less correlated with
isolation in the background

enriched samples. The natu
ral choice would

therefore be to revert the sel
ection criteria on the two va

riables, Fside and ws3, that u
se fewer cells from

the first electromagnetic calo
rimeter layer, i.e. only the on

es in the core of the cluster, t
hus expected to be

the less correlated with the e
nergy deposit outside the clu

ster. On the other hand, sinc
e the measurement

presented here is significantl
y limited by the available sta

tistics, and in particular the P
oisson fluctuations

of the data in the backgroun
d control region, the more s

hower shape criteria are rev
erted the larger is

the background in the contr
ol regions, which allows us

to obtain a more precise ex
trapolation of the

background in the signal re
gion. A reasonable tradeoff

has been found by reverting
the requirements

on four of the five shower s
hape variables (all but ws,tot

) for defining the backgroun
d control regions.

With this configuration, the
correlation is computed in t

he background Monte Carlo
sample and found

to be typically lower than 1
5% in each of the twelve (|η|, ET) bi

ns under study. The values
of the ratio

R =
NAbkgM

B
bkg

NBbkgM
A
bkg

integrated over the full pseud
orapidity range are summari

zed in the first row of Table 2
. The

results of the measurement a
re then corrected in order to

take into account residual no
n-zero correlations

between the isolation and th
e shower shape variables as

explained below. Moreover,
the finite precision

of this check will be taken in
to account as a systematic er

ror on the background estim
ate.
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Figure 6: Expected photon reconstruction and identification efficiency as a function of the true photontransverse energy, as obtained from a simulated sample of prompt photons produced in hard-scatteringγ−jet events, for the loose (triangles) and tight (dots) selections.

5.2 Efficiency of the trigger selection

The efficiency of the L1 calorimeter trigger, relative to the photon reconstruction and offline selection,is estimated in two steps. First, using a prescaled sample of minimum bias triggers, the efficiency of alower (2 GeV) threshold L1 calorimeter trigger is determined. The measured efficiency, ε = (99.88 ±0.11)%, is very close to 100% for reconstructed photon candidates with ET above 10 GeV passing tightidentification criteria. Then, using the sample of events passing the L1 calorimeter trigger with a 2 GeVthreshold, the efficiency of the higher (5 GeV) threshold L1 calorimeter trigger, used for this analysis, ismeasured. The efficiencies with respect to the offline selection are computed for tight photon candidatesas a function of the transverse energy. The results are shown in Figure 7.
The trigger efficiencies for transverse energies above 10 GeV are summarized also in Table 1, forloose and tight photon candidates. Monte Carlo samples are used to check the possible bias introducedby using photon candidates from data, which are a mixture of prompt and fake photons instead of onlyprompt photons. This bias, obtained from the absolute difference of the trigger efficiency for a puresignal simulated sample and a pure background simulated sample, is found to be smaller than 0.3% fortight photon candidates.

6 Background estimation and signal extraction

As the simulation cannot be trusted to predict accurately the fake rate, a data driven method is used toestimate the background and extract the prompt photon signal. This method relies on the use of theisolation variable and of the shower shape variables based on the energy measurement in the first layerof the electromagnetic calorimeter to define a two dimensional plane as illustrated in Fig. 8. We definethe signal region as the region with isolated candidates (isolation energy lower than 3 GeV) passing
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Performance of the Muon Identification with the 
Atlas Detector in 2010 LHC pp Collision Data

Eve Le Ménédeu, for the ATLAS Collaboration

Measurements of the muon reconstruction efficiency and misidentification rate as well as the muon momentum resolution have been 
carried out with collision data at √s = 7 TeV recorded by the ATLAS experiment in 2010. The muon efficiency is determined with dimuon 
decays of J/ψ mesons and Z bosons. The momentum resolution is extracted from the width of the dimuon mass distribution in Z → µµ 
decays and the comparison of the independent measurements of muons from Z → µµ and W → µν

µ
 decays provided by the ATLAS 

tracking systems, the inner detector and the muon spectrometer.

Atlas Inner Detector

 Inside solenoid (2T)
 Pixels, SemiConductor Tracker, 

Transition Tradiation Tracker
 Cover |η| ≤ 2.5 region, except TRT (|η| ≤ 2)

 Use a toroidal field (about 0.5T)
 Precision chambers

 Monitored Drift Tubes in barrel and endcaps 
3 layers for |η|<2.0, 2 layers for 2.0 < |η| < 2.7, 
resolution of 35 µm per chamber

 Cathode Strip Chambers : 
1 layer (inner) for 2.0 < |η| < 2.7, 
resolution in precise coordinate of 40 µm per station

 Trigger chambers
 Resistive Plate Chambers in barrel (|η| < 1.05), 

1.5 ns of time resolution
 Thin Gap Chambers in endcaps (1.05 < |η| < 2.7)

Muon Reconstruction Principles

Efficiencies

Standalone

The track is entirely reconstructed in the MS, from trigger chambers hits and 
segments reconstructed in the precision chambers. The track is then extrapolated 
to IP and the momentum is corrected for the energy loss due to the material 
crossed before reaching the MS.

Combined

The combined muon track results of the combination of MS  and ID 
measurements by a statistical combination or a refit of the entire track. Energy 
losses in the calorimeter are taken into account using parametrisation and 
possibly calorimeter measurements

.

Segment Tagged

These muon tracks are based on the ID 
measurement. The muon is identified if at least 
one segment in MS matches with the ID track.

Calorimeter tagged

Starting from an ID track it is identified as a 
muon if the calorimeter deposit is compatible 
with a minimum ionizing particle.

Using tag and probe method with muons from
 J/ψ mesons for low p

T
 muons

 Z bosons for medium p
T
 muons

 Using high quality muon as the tag track
 Using high quality ID track in the corresponding mass window as probe
 Matching probe with a reconstructed muon

Main results
 Efficiency increase when adding the 

tagged muons
 Excellent agreement with MC:

the ratio of data/MC efficiencies are 
presented in the table

Resolution
Combined fit results to get the correction to MC 

resolution from
 MC distributions, obtained with smeared 

reconstructed momenta, are used for a 
simultaneous fit to the data distributions.

 The distributions
 Dimuons from Z bosons decay

 Invariant mass reconstructed independently 
for MS and ID

 Sensitive to σmult. scat. ⊕ σintrinsic in each case
 Single muons W and Z bosons decay

 (q/p
T

ID – q/p
T

MS
 
) for different values of p

T 

 Sensitive to σ
ID

σ⊕
MS

.
 Use constraints on MS alignment from straight 

tracks measurements
 Results: resolution parameters and smearing 

function 

Main contributions and results for barrel

Observed effects
 Missing material in barrel and endcaps: too small  

multiple scattering contribution in simulation
 ID misalignment → under improvement
 MS misalignment → small effect for W/Z decays, 

but improvements in CSC, BEE, BIS7/8 and EE 
regions

Fake Rate

What is a fake muon ?
 Real muon coming from long-living mesons (π,K) 

or baryons decaying in the detector,
 Misidentified hadrons (punch-through),
 Reconstruction ghosts.

Estimation of misidentification of pions as muons
 Using K0

S
 → π+π-

 
reconstructed in ID

 Look for muon matching with the highest p
T
 pion track

The fake rate coming from π is of the order of 0.1%.

Dimuon spectrum

Invariant mass between opposite sign 

combined muons coming from a 

common vertex
 One muon of at least 15 GeV
 All expected resonances are observed

Fake Rate

Dimuon Spectrum

Momentum ResolutionEfficiencies

Muon Reconstruction Principles

Atlas Inner Detector Atlas Muon Spectrometer

Z bosonsJ/ψ mesons

Combined Combined + 
segment tagged

J/ψ 0.980 ± 0.013 1.009 ± 0.007

Z 0.9918 ± 0.0020 1.0006 ± 0.0015

p
0
 (TeV)

Energy losses 
in calorimeters

p
1
 (%)

Multiple 
scattering

p
2
 (TeV-1)
Intrinsic 

resolution

ID 1.60 ± 0.32 0.49 ± 0.04

MS 0.23 ± 0.01 3.75 ± 0.10 0.24 ± 0.04

σ p 
p

=
p0
MS

pT
⊕ p1

MS
⊕ p2

MS
pT

σ  1
pT  =

p1
ID

pT
⊕ p2

ID
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decays and the comparison of the independent measurements of muons from Z → µµ and W → µν

µ
 decays provided by the ATLAS 

tracking systems, the inner detector and the muon spectrometer.

Atlas Inner Detector

 Inside solenoid (2T)
 Pixels, SemiConductor Tracker, 

Transition Tradiation Tracker
 Cover |η| ≤ 2.5 region, except TRT (|η| ≤ 2)

 Use a toroidal field (about 0.5T)
 Precision chambers

 Monitored Drift Tubes in barrel and endcaps 
3 layers for |η|<2.0, 2 layers for 2.0 < |η| < 2.7, 
resolution of 35 µm per chamber

 Cathode Strip Chambers : 
1 layer (inner) for 2.0 < |η| < 2.7, 
resolution in precise coordinate of 40 µm per station

 Trigger chambers
 Resistive Plate Chambers in barrel (|η| < 1.05), 

1.5 ns of time resolution
 Thin Gap Chambers in endcaps (1.05 < |η| < 2.7)

Muon Reconstruction Principles

Efficiencies

Standalone

The track is entirely reconstructed in the MS, from trigger chambers hits and 
segments reconstructed in the precision chambers. The track is then extrapolated 
to IP and the momentum is corrected for the energy loss due to the material 
crossed before reaching the MS.

Combined

The combined muon track results of the combination of MS  and ID 
measurements by a statistical combination or a refit of the entire track. Energy 
losses in the calorimeter are taken into account using parametrisation and 
possibly calorimeter measurements

.

Segment Tagged

These muon tracks are based on the ID 
measurement. The muon is identified if at least 
one segment in MS matches with the ID track.

Calorimeter tagged

Starting from an ID track it is identified as a 
muon if the calorimeter deposit is compatible 
with a minimum ionizing particle.

Using tag and probe method with muons from
 J/ψ mesons for low p

T
 muons

 Z bosons for medium p
T
 muons

 Using high quality muon as the tag track
 Using high quality ID track in the corresponding mass window as probe
 Matching probe with a reconstructed muon

Main results
 Efficiency increase when adding the 

tagged muons
 Excellent agreement with MC:

the ratio of data/MC efficiencies are 
presented in the table

Resolution
Combined fit results to get the correction to MC 

resolution from
 MC distributions, obtained with smeared 

reconstructed momenta, are used for a 
simultaneous fit to the data distributions.

 The distributions
 Dimuons from Z bosons decay

 Invariant mass reconstructed independently 
for MS and ID

 Sensitive to σmult. scat. ⊕ σintrinsic in each case
 Single muons W and Z bosons decay

 (q/p
T

ID – q/p
T

MS
 
) for different values of p

T 

 Sensitive to σ
ID

σ⊕
MS

.
 Use constraints on MS alignment from straight 

tracks measurements
 Results: resolution parameters and smearing 

function 

Main contributions and results for barrel

Observed effects
 Missing material in barrel and endcaps: too small  

multiple scattering contribution in simulation
 ID misalignment → under improvement
 MS misalignment → small effect for W/Z decays, 

but improvements in CSC, BEE, BIS7/8 and EE 
regions

Fake Rate

What is a fake muon ?
 Real muon coming from long-living mesons (π,K) 

or baryons decaying in the detector,
 Misidentified hadrons (punch-through),
 Reconstruction ghosts.

Estimation of misidentification of pions as muons
 Using K0

S
 → π+π-

 
reconstructed in ID

 Look for muon matching with the highest p
T
 pion track

The fake rate coming from π is of the order of 0.1%.

Dimuon spectrum

Invariant mass between opposite sign 

combined muons coming from a 

common vertex
 One muon of at least 15 GeV
 All expected resonances are observed

Fake Rate

Dimuon Spectrum

Momentum ResolutionEfficiencies

Muon Reconstruction Principles

Atlas Inner Detector Atlas Muon Spectrometer

Z bosonsJ/ψ mesons

Combined Combined + 
segment tagged

J/ψ 0.980 ± 0.013 1.009 ± 0.007

Z 0.9918 ± 0.0020 1.0006 ± 0.0015
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Performance of the Muon Identification with the 
Atlas Detector in 2010 LHC pp Collision Data
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Measurements of the muon reconstruction efficiency and misidentification rate as well as the muon momentum resolution have been 
carried out with collision data at √s = 7 TeV recorded by the ATLAS experiment in 2010. The muon efficiency is determined with dimuon 
decays of J/ψ mesons and Z bosons. The momentum resolution is extracted from the width of the dimuon mass distribution in Z → µµ 
decays and the comparison of the independent measurements of muons from Z → µµ and W → µν

µ
 decays provided by the ATLAS 

tracking systems, the inner detector and the muon spectrometer.

Atlas Inner Detector

 Inside solenoid (2T)
 Pixels, SemiConductor Tracker, 

Transition Tradiation Tracker
 Cover |η| ≤ 2.5 region, except TRT (|η| ≤ 2)

 Use a toroidal field (about 0.5T)
 Precision chambers

 Monitored Drift Tubes in barrel and endcaps 
3 layers for |η|<2.0, 2 layers for 2.0 < |η| < 2.7, 
resolution of 35 µm per chamber

 Cathode Strip Chambers : 
1 layer (inner) for 2.0 < |η| < 2.7, 
resolution in precise coordinate of 40 µm per station

 Trigger chambers
 Resistive Plate Chambers in barrel (|η| < 1.05), 

1.5 ns of time resolution
 Thin Gap Chambers in endcaps (1.05 < |η| < 2.7)

Muon Reconstruction Principles

Efficiencies

Standalone

The track is entirely reconstructed in the MS, from trigger chambers hits and 
segments reconstructed in the precision chambers. The track is then extrapolated 
to IP and the momentum is corrected for the energy loss due to the material 
crossed before reaching the MS.

Combined

The combined muon track results of the combination of MS  and ID 
measurements by a statistical combination or a refit of the entire track. Energy 
losses in the calorimeter are taken into account using parametrisation and 
possibly calorimeter measurements

.

Segment Tagged

These muon tracks are based on the ID 
measurement. The muon is identified if at least 
one segment in MS matches with the ID track.

Calorimeter tagged

Starting from an ID track it is identified as a 
muon if the calorimeter deposit is compatible 
with a minimum ionizing particle.

Using tag and probe method with muons from
 J/ψ mesons for low p

T
 muons

 Z bosons for medium p
T
 muons

 Using high quality muon as the tag track
 Using high quality ID track in the corresponding mass window as probe
 Matching probe with a reconstructed muon

Main results
 Efficiency increase when adding the 

tagged muons
 Excellent agreement with MC:

the ratio of data/MC efficiencies are 
presented in the table

Resolution
Combined fit results to get the correction to MC 

resolution from
 MC distributions, obtained with smeared 

reconstructed momenta, are used for a 
simultaneous fit to the data distributions.

 The distributions
 Dimuons from Z bosons decay

 Invariant mass reconstructed independently 
for MS and ID

 Sensitive to σmult. scat. ⊕ σintrinsic in each case
 Single muons W and Z bosons decay

 (q/p
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ID – q/p
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MS
 
) for different values of p
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 Sensitive to σ
ID
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MS

.
 Use constraints on MS alignment from straight 

tracks measurements
 Results: resolution parameters and smearing 

function 

Main contributions and results for barrel

Observed effects
 Missing material in barrel and endcaps: too small  

multiple scattering contribution in simulation
 ID misalignment → under improvement
 MS misalignment → small effect for W/Z decays, 

but improvements in CSC, BEE, BIS7/8 and EE 
regions

Fake Rate

What is a fake muon ?
 Real muon coming from long-living mesons (π,K) 

or baryons decaying in the detector,
 Misidentified hadrons (punch-through),
 Reconstruction ghosts.

Estimation of misidentification of pions as muons
 Using K0

S
 → π+π-

 
reconstructed in ID

 Look for muon matching with the highest p
T
 pion track

The fake rate coming from π is of the order of 0.1%.

Dimuon spectrum

Invariant mass between opposite sign 

combined muons coming from a 

common vertex
 One muon of at least 15 GeV
 All expected resonances are observed

Fake Rate

Dimuon Spectrum
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Combined Combined + 
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Performance of the Muon Identification with the 
Atlas Detector in 2010 LHC pp Collision Data
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Measurements of the muon reconstruction efficiency and misidentification rate as well as the muon momentum resolution have been 
carried out with collision data at √s = 7 TeV recorded by the ATLAS experiment in 2010. The muon efficiency is determined with dimuon 
decays of J/ψ mesons and Z bosons. The momentum resolution is extracted from the width of the dimuon mass distribution in Z → µµ 
decays and the comparison of the independent measurements of muons from Z → µµ and W → µν

µ
 decays provided by the ATLAS 

tracking systems, the inner detector and the muon spectrometer.

Atlas Inner Detector

 Inside solenoid (2T)
 Pixels, SemiConductor Tracker, 

Transition Tradiation Tracker
 Cover |η| ≤ 2.5 region, except TRT (|η| ≤ 2)

 Use a toroidal field (about 0.5T)
 Precision chambers

 Monitored Drift Tubes in barrel and endcaps 
3 layers for |η|<2.0, 2 layers for 2.0 < |η| < 2.7, 
resolution of 35 µm per chamber

 Cathode Strip Chambers : 
1 layer (inner) for 2.0 < |η| < 2.7, 
resolution in precise coordinate of 40 µm per station

 Trigger chambers
 Resistive Plate Chambers in barrel (|η| < 1.05), 

1.5 ns of time resolution
 Thin Gap Chambers in endcaps (1.05 < |η| < 2.7)

Muon Reconstruction Principles

Efficiencies

Standalone

The track is entirely reconstructed in the MS, from trigger chambers hits and 
segments reconstructed in the precision chambers. The track is then extrapolated 
to IP and the momentum is corrected for the energy loss due to the material 
crossed before reaching the MS.

Combined

The combined muon track results of the combination of MS  and ID 
measurements by a statistical combination or a refit of the entire track. Energy 
losses in the calorimeter are taken into account using parametrisation and 
possibly calorimeter measurements

.

Segment Tagged

These muon tracks are based on the ID 
measurement. The muon is identified if at least 
one segment in MS matches with the ID track.

Calorimeter tagged

Starting from an ID track it is identified as a 
muon if the calorimeter deposit is compatible 
with a minimum ionizing particle.

Using tag and probe method with muons from
 J/ψ mesons for low p

T
 muons

 Z bosons for medium p
T
 muons

 Using high quality muon as the tag track
 Using high quality ID track in the corresponding mass window as probe
 Matching probe with a reconstructed muon

Main results
 Efficiency increase when adding the 

tagged muons
 Excellent agreement with MC:

the ratio of data/MC efficiencies are 
presented in the table

Resolution
Combined fit results to get the correction to MC 

resolution from
 MC distributions, obtained with smeared 

reconstructed momenta, are used for a 
simultaneous fit to the data distributions.

 The distributions
 Dimuons from Z bosons decay

 Invariant mass reconstructed independently 
for MS and ID

 Sensitive to σmult. scat. ⊕ σintrinsic in each case
 Single muons W and Z bosons decay

 (q/p
T

ID – q/p
T

MS
 
) for different values of p
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 Sensitive to σ
ID
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MS

.
 Use constraints on MS alignment from straight 

tracks measurements
 Results: resolution parameters and smearing 

function 

Main contributions and results for barrel

Observed effects
 Missing material in barrel and endcaps: too small  

multiple scattering contribution in simulation
 ID misalignment → under improvement
 MS misalignment → small effect for W/Z decays, 

but improvements in CSC, BEE, BIS7/8 and EE 
regions

Fake Rate

What is a fake muon ?
 Real muon coming from long-living mesons (π,K) 

or baryons decaying in the detector,
 Misidentified hadrons (punch-through),
 Reconstruction ghosts.

Estimation of misidentification of pions as muons
 Using K0

S
 → π+π-

 
reconstructed in ID

 Look for muon matching with the highest p
T
 pion track

The fake rate coming from π is of the order of 0.1%.

Dimuon spectrum

Invariant mass between opposite sign 

combined muons coming from a 

common vertex
 One muon of at least 15 GeV
 All expected resonances are observed

Fake Rate

Dimuon Spectrum

Momentum ResolutionEfficiencies

Muon Reconstruction Principles

Atlas Inner Detector Atlas Muon Spectrometer

Z bosonsJ/ψ mesons

Combined Combined + 
segment tagged

J/ψ 0.980 ± 0.013 1.009 ± 0.007

Z 0.9918 ± 0.0020 1.0006 ± 0.0015
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Performance of the Muon Identification with the 
Atlas Detector in 2010 LHC pp Collision Data

Eve Le Ménédeu, for the ATLAS Collaboration

Measurements of the muon reconstruction efficiency and misidentification rate as well as the muon momentum resolution have been 
carried out with collision data at √s = 7 TeV recorded by the ATLAS experiment in 2010. The muon efficiency is determined with dimuon 
decays of J/ψ mesons and Z bosons. The momentum resolution is extracted from the width of the dimuon mass distribution in Z → µµ 
decays and the comparison of the independent measurements of muons from Z → µµ and W → µν

µ
 decays provided by the ATLAS 

tracking systems, the inner detector and the muon spectrometer.

Atlas Inner Detector

 Inside solenoid (2T)
 Pixels, SemiConductor Tracker, 

Transition Tradiation Tracker
 Cover |η| ≤ 2.5 region, except TRT (|η| ≤ 2)

 Use a toroidal field (about 0.5T)
 Precision chambers

 Monitored Drift Tubes in barrel and endcaps 
3 layers for |η|<2.0, 2 layers for 2.0 < |η| < 2.7, 
resolution of 35 µm per chamber

 Cathode Strip Chambers : 
1 layer (inner) for 2.0 < |η| < 2.7, 
resolution in precise coordinate of 40 µm per station

 Trigger chambers
 Resistive Plate Chambers in barrel (|η| < 1.05), 

1.5 ns of time resolution
 Thin Gap Chambers in endcaps (1.05 < |η| < 2.7)

Muon Reconstruction Principles

Efficiencies

Standalone

The track is entirely reconstructed in the MS, from trigger chambers hits and 
segments reconstructed in the precision chambers. The track is then extrapolated 
to IP and the momentum is corrected for the energy loss due to the material 
crossed before reaching the MS.

Combined

The combined muon track results of the combination of MS  and ID 
measurements by a statistical combination or a refit of the entire track. Energy 
losses in the calorimeter are taken into account using parametrisation and 
possibly calorimeter measurements

.

Segment Tagged

These muon tracks are based on the ID 
measurement. The muon is identified if at least 
one segment in MS matches with the ID track.

Calorimeter tagged

Starting from an ID track it is identified as a 
muon if the calorimeter deposit is compatible 
with a minimum ionizing particle.

Using tag and probe method with muons from
 J/ψ mesons for low p

T
 muons

 Z bosons for medium p
T
 muons

 Using high quality muon as the tag track
 Using high quality ID track in the corresponding mass window as probe
 Matching probe with a reconstructed muon

Main results
 Efficiency increase when adding the 

tagged muons
 Excellent agreement with MC:

the ratio of data/MC efficiencies are 
presented in the table

Resolution
Combined fit results to get the correction to MC 

resolution from
 MC distributions, obtained with smeared 

reconstructed momenta, are used for a 
simultaneous fit to the data distributions.

 The distributions
 Dimuons from Z bosons decay

 Invariant mass reconstructed independently 
for MS and ID

 Sensitive to σmult. scat. ⊕ σintrinsic in each case
 Single muons W and Z bosons decay

 (q/p
T

ID – q/p
T

MS
 
) for different values of p

T 

 Sensitive to σ
ID

σ⊕
MS

.
 Use constraints on MS alignment from straight 

tracks measurements
 Results: resolution parameters and smearing 

function 

Main contributions and results for barrel

Observed effects
 Missing material in barrel and endcaps: too small  

multiple scattering contribution in simulation
 ID misalignment → under improvement
 MS misalignment → small effect for W/Z decays, 

but improvements in CSC, BEE, BIS7/8 and EE 
regions

Fake Rate

What is a fake muon ?
 Real muon coming from long-living mesons (π,K) 

or baryons decaying in the detector,
 Misidentified hadrons (punch-through),
 Reconstruction ghosts.

Estimation of misidentification of pions as muons
 Using K0

S
 → π+π-

 
reconstructed in ID

 Look for muon matching with the highest p
T
 pion track

The fake rate coming from π is of the order of 0.1%.

Dimuon spectrum

Invariant mass between opposite sign 

combined muons coming from a 

common vertex
 One muon of at least 15 GeV
 All expected resonances are observed

Fake Rate

Dimuon Spectrum

Momentum ResolutionEfficiencies

Muon Reconstruction Principles

Atlas Inner Detector Atlas Muon Spectrometer

Z bosonsJ/ψ mesons

Combined Combined + 
segment tagged

J/ψ 0.980 ± 0.013 1.009 ± 0.007

Z 0.9918 ± 0.0020 1.0006 ± 0.0015

p
0
 (TeV)

Energy losses 
in calorimeters

p
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 (%)

Multiple 
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p
2
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Intrinsic 
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ID 1.60 ± 0.32 0.49 ± 0.04

MS 0.23 ± 0.01 3.75 ± 0.10 0.24 ± 0.04

σ p 
p

=
p0
MS

pT
⊕ p1

MS
⊕ p2

MS
pT

σ  1
pT  =

p1
ID

pT
⊕ p2

ID



14.08.2012

UIC University of Illinois
at Chicago

Fermilab

LPC
LHC Physics Center

of 50Slide:
Date: R. Cavanaugh, HCPSS 201243

Performance of the Muon Identification with the 
Atlas Detector in 2010 LHC pp Collision Data

Eve Le Ménédeu, for the ATLAS Collaboration

Measurements of the muon reconstruction efficiency and misidentification rate as well as the muon momentum resolution have been 
carried out with collision data at √s = 7 TeV recorded by the ATLAS experiment in 2010. The muon efficiency is determined with dimuon 
decays of J/ψ mesons and Z bosons. The momentum resolution is extracted from the width of the dimuon mass distribution in Z → µµ 
decays and the comparison of the independent measurements of muons from Z → µµ and W → µν

µ
 decays provided by the ATLAS 

tracking systems, the inner detector and the muon spectrometer.

Atlas Inner Detector

 Inside solenoid (2T)
 Pixels, SemiConductor Tracker, 

Transition Tradiation Tracker
 Cover |η| ≤ 2.5 region, except TRT (|η| ≤ 2)

 Use a toroidal field (about 0.5T)
 Precision chambers

 Monitored Drift Tubes in barrel and endcaps 
3 layers for |η|<2.0, 2 layers for 2.0 < |η| < 2.7, 
resolution of 35 µm per chamber

 Cathode Strip Chambers : 
1 layer (inner) for 2.0 < |η| < 2.7, 
resolution in precise coordinate of 40 µm per station

 Trigger chambers
 Resistive Plate Chambers in barrel (|η| < 1.05), 

1.5 ns of time resolution
 Thin Gap Chambers in endcaps (1.05 < |η| < 2.7)

Muon Reconstruction Principles

Efficiencies

Standalone

The track is entirely reconstructed in the MS, from trigger chambers hits and 
segments reconstructed in the precision chambers. The track is then extrapolated 
to IP and the momentum is corrected for the energy loss due to the material 
crossed before reaching the MS.

Combined

The combined muon track results of the combination of MS  and ID 
measurements by a statistical combination or a refit of the entire track. Energy 
losses in the calorimeter are taken into account using parametrisation and 
possibly calorimeter measurements

.

Segment Tagged

These muon tracks are based on the ID 
measurement. The muon is identified if at least 
one segment in MS matches with the ID track.

Calorimeter tagged

Starting from an ID track it is identified as a 
muon if the calorimeter deposit is compatible 
with a minimum ionizing particle.

Using tag and probe method with muons from
 J/ψ mesons for low p

T
 muons

 Z bosons for medium p
T
 muons

 Using high quality muon as the tag track
 Using high quality ID track in the corresponding mass window as probe
 Matching probe with a reconstructed muon

Main results
 Efficiency increase when adding the 

tagged muons
 Excellent agreement with MC:

the ratio of data/MC efficiencies are 
presented in the table

Resolution
Combined fit results to get the correction to MC 

resolution from
 MC distributions, obtained with smeared 

reconstructed momenta, are used for a 
simultaneous fit to the data distributions.

 The distributions
 Dimuons from Z bosons decay

 Invariant mass reconstructed independently 
for MS and ID

 Sensitive to σmult. scat. ⊕ σintrinsic in each case
 Single muons W and Z bosons decay

 (q/p
T

ID – q/p
T

MS
 
) for different values of p

T 

 Sensitive to σ
ID

σ⊕
MS

.
 Use constraints on MS alignment from straight 

tracks measurements
 Results: resolution parameters and smearing 

function 

Main contributions and results for barrel

Observed effects
 Missing material in barrel and endcaps: too small  

multiple scattering contribution in simulation
 ID misalignment → under improvement
 MS misalignment → small effect for W/Z decays, 

but improvements in CSC, BEE, BIS7/8 and EE 
regions

Fake Rate

What is a fake muon ?
 Real muon coming from long-living mesons (π,K) 

or baryons decaying in the detector,
 Misidentified hadrons (punch-through),
 Reconstruction ghosts.

Estimation of misidentification of pions as muons
 Using K0

S
 → π+π-

 
reconstructed in ID

 Look for muon matching with the highest p
T
 pion track

The fake rate coming from π is of the order of 0.1%.

Dimuon spectrum

Invariant mass between opposite sign 

combined muons coming from a 

common vertex
 One muon of at least 15 GeV
 All expected resonances are observed

Fake Rate

Dimuon Spectrum

Momentum ResolutionEfficiencies

Muon Reconstruction Principles

Atlas Inner Detector Atlas Muon Spectrometer

Z bosonsJ/ψ mesons

Combined Combined + 
segment tagged

J/ψ 0.980 ± 0.013 1.009 ± 0.007

Z 0.9918 ± 0.0020 1.0006 ± 0.0015
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Performance of the Muon Identification with the 
Atlas Detector in 2010 LHC pp Collision Data

Eve Le Ménédeu, for the ATLAS Collaboration

Measurements of the muon reconstruction efficiency and misidentification rate as well as the muon momentum resolution have been 
carried out with collision data at √s = 7 TeV recorded by the ATLAS experiment in 2010. The muon efficiency is determined with dimuon 
decays of J/ψ mesons and Z bosons. The momentum resolution is extracted from the width of the dimuon mass distribution in Z → µµ 
decays and the comparison of the independent measurements of muons from Z → µµ and W → µν

µ
 decays provided by the ATLAS 

tracking systems, the inner detector and the muon spectrometer.

Atlas Inner Detector

 Inside solenoid (2T)
 Pixels, SemiConductor Tracker, 

Transition Tradiation Tracker
 Cover |η| ≤ 2.5 region, except TRT (|η| ≤ 2)

 Use a toroidal field (about 0.5T)
 Precision chambers

 Monitored Drift Tubes in barrel and endcaps 
3 layers for |η|<2.0, 2 layers for 2.0 < |η| < 2.7, 
resolution of 35 µm per chamber

 Cathode Strip Chambers : 
1 layer (inner) for 2.0 < |η| < 2.7, 
resolution in precise coordinate of 40 µm per station

 Trigger chambers
 Resistive Plate Chambers in barrel (|η| < 1.05), 

1.5 ns of time resolution
 Thin Gap Chambers in endcaps (1.05 < |η| < 2.7)

Muon Reconstruction Principles

Efficiencies

Standalone

The track is entirely reconstructed in the MS, from trigger chambers hits and 
segments reconstructed in the precision chambers. The track is then extrapolated 
to IP and the momentum is corrected for the energy loss due to the material 
crossed before reaching the MS.

Combined

The combined muon track results of the combination of MS  and ID 
measurements by a statistical combination or a refit of the entire track. Energy 
losses in the calorimeter are taken into account using parametrisation and 
possibly calorimeter measurements

.

Segment Tagged

These muon tracks are based on the ID 
measurement. The muon is identified if at least 
one segment in MS matches with the ID track.

Calorimeter tagged

Starting from an ID track it is identified as a 
muon if the calorimeter deposit is compatible 
with a minimum ionizing particle.

Using tag and probe method with muons from
 J/ψ mesons for low p

T
 muons

 Z bosons for medium p
T
 muons

 Using high quality muon as the tag track
 Using high quality ID track in the corresponding mass window as probe
 Matching probe with a reconstructed muon

Main results
 Efficiency increase when adding the 

tagged muons
 Excellent agreement with MC:

the ratio of data/MC efficiencies are 
presented in the table

Resolution
Combined fit results to get the correction to MC 

resolution from
 MC distributions, obtained with smeared 

reconstructed momenta, are used for a 
simultaneous fit to the data distributions.

 The distributions
 Dimuons from Z bosons decay

 Invariant mass reconstructed independently 
for MS and ID

 Sensitive to σmult. scat. ⊕ σintrinsic in each case
 Single muons W and Z bosons decay

 (q/p
T

ID – q/p
T

MS
 
) for different values of p

T 

 Sensitive to σ
ID

σ⊕
MS

.
 Use constraints on MS alignment from straight 

tracks measurements
 Results: resolution parameters and smearing 

function 

Main contributions and results for barrel

Observed effects
 Missing material in barrel and endcaps: too small  

multiple scattering contribution in simulation
 ID misalignment → under improvement
 MS misalignment → small effect for W/Z decays, 

but improvements in CSC, BEE, BIS7/8 and EE 
regions

Fake Rate

What is a fake muon ?
 Real muon coming from long-living mesons (π,K) 

or baryons decaying in the detector,
 Misidentified hadrons (punch-through),
 Reconstruction ghosts.

Estimation of misidentification of pions as muons
 Using K0

S
 → π+π-

 
reconstructed in ID

 Look for muon matching with the highest p
T
 pion track

The fake rate coming from π is of the order of 0.1%.

Dimuon spectrum

Invariant mass between opposite sign 

combined muons coming from a 

common vertex
 One muon of at least 15 GeV
 All expected resonances are observed

Fake Rate

Dimuon Spectrum

Momentum ResolutionEfficiencies

Muon Reconstruction Principles

Atlas Inner Detector Atlas Muon Spectrometer

Z bosonsJ/ψ mesons

Combined Combined + 
segment tagged

J/ψ 0.980 ± 0.013 1.009 ± 0.007

Z 0.9918 ± 0.0020 1.0006 ± 0.0015

p
0
 (TeV)

Energy losses 
in calorimeters

p
1
 (%)

Multiple 
scattering

p
2
 (TeV-1)
Intrinsic 

resolution

ID 1.60 ± 0.32 0.49 ± 0.04

MS 0.23 ± 0.01 3.75 ± 0.10 0.24 ± 0.04

σ p 
p

=
p0
MS

pT
⊕ p1

MS
⊕ p2

MS
pT

σ  1
pT  =

p1
ID

pT
⊕ p2

ID

• Track reconstructed entirely 

within Muon System

• Extrapolated to IP

• Momentum corrected for 

multiple scattering from 

material

Stand alone
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Performance of the Muon Identification with the 
Atlas Detector in 2010 LHC pp Collision Data

Eve Le Ménédeu, for the ATLAS Collaboration

Measurements of the muon reconstruction efficiency and misidentification rate as well as the muon momentum resolution have been 
carried out with collision data at √s = 7 TeV recorded by the ATLAS experiment in 2010. The muon efficiency is determined with dimuon 
decays of J/ψ mesons and Z bosons. The momentum resolution is extracted from the width of the dimuon mass distribution in Z → µµ 
decays and the comparison of the independent measurements of muons from Z → µµ and W → µν

µ
 decays provided by the ATLAS 

tracking systems, the inner detector and the muon spectrometer.

Atlas Inner Detector

 Inside solenoid (2T)
 Pixels, SemiConductor Tracker, 

Transition Tradiation Tracker
 Cover |η| ≤ 2.5 region, except TRT (|η| ≤ 2)

 Use a toroidal field (about 0.5T)
 Precision chambers

 Monitored Drift Tubes in barrel and endcaps 
3 layers for |η|<2.0, 2 layers for 2.0 < |η| < 2.7, 
resolution of 35 µm per chamber

 Cathode Strip Chambers : 
1 layer (inner) for 2.0 < |η| < 2.7, 
resolution in precise coordinate of 40 µm per station

 Trigger chambers
 Resistive Plate Chambers in barrel (|η| < 1.05), 

1.5 ns of time resolution
 Thin Gap Chambers in endcaps (1.05 < |η| < 2.7)

Muon Reconstruction Principles

Efficiencies

Standalone

The track is entirely reconstructed in the MS, from trigger chambers hits and 
segments reconstructed in the precision chambers. The track is then extrapolated 
to IP and the momentum is corrected for the energy loss due to the material 
crossed before reaching the MS.

Combined

The combined muon track results of the combination of MS  and ID 
measurements by a statistical combination or a refit of the entire track. Energy 
losses in the calorimeter are taken into account using parametrisation and 
possibly calorimeter measurements

.

Segment Tagged

These muon tracks are based on the ID 
measurement. The muon is identified if at least 
one segment in MS matches with the ID track.

Calorimeter tagged

Starting from an ID track it is identified as a 
muon if the calorimeter deposit is compatible 
with a minimum ionizing particle.

Using tag and probe method with muons from
 J/ψ mesons for low p

T
 muons

 Z bosons for medium p
T
 muons

 Using high quality muon as the tag track
 Using high quality ID track in the corresponding mass window as probe
 Matching probe with a reconstructed muon

Main results
 Efficiency increase when adding the 

tagged muons
 Excellent agreement with MC:

the ratio of data/MC efficiencies are 
presented in the table

Resolution
Combined fit results to get the correction to MC 

resolution from
 MC distributions, obtained with smeared 

reconstructed momenta, are used for a 
simultaneous fit to the data distributions.

 The distributions
 Dimuons from Z bosons decay

 Invariant mass reconstructed independently 
for MS and ID

 Sensitive to σmult. scat. ⊕ σintrinsic in each case
 Single muons W and Z bosons decay

 (q/p
T

ID – q/p
T

MS
 
) for different values of p

T 

 Sensitive to σ
ID

σ⊕
MS

.
 Use constraints on MS alignment from straight 

tracks measurements
 Results: resolution parameters and smearing 

function 

Main contributions and results for barrel

Observed effects
 Missing material in barrel and endcaps: too small  

multiple scattering contribution in simulation
 ID misalignment → under improvement
 MS misalignment → small effect for W/Z decays, 

but improvements in CSC, BEE, BIS7/8 and EE 
regions

Fake Rate

What is a fake muon ?
 Real muon coming from long-living mesons (π,K) 

or baryons decaying in the detector,
 Misidentified hadrons (punch-through),
 Reconstruction ghosts.

Estimation of misidentification of pions as muons
 Using K0

S
 → π+π-

 
reconstructed in ID

 Look for muon matching with the highest p
T
 pion track

The fake rate coming from π is of the order of 0.1%.

Dimuon spectrum

Invariant mass between opposite sign 

combined muons coming from a 

common vertex
 One muon of at least 15 GeV
 All expected resonances are observed

Fake Rate

Dimuon Spectrum

Momentum ResolutionEfficiencies

Muon Reconstruction Principles

Atlas Inner Detector Atlas Muon Spectrometer

Z bosonsJ/ψ mesons

Combined Combined + 
segment tagged

J/ψ 0.980 ± 0.013 1.009 ± 0.007

Z 0.9918 ± 0.0020 1.0006 ± 0.0015

p
0
 (TeV)

Energy losses 
in calorimeters

p
1
 (%)

Multiple 
scattering

p
2
 (TeV-1)
Intrinsic 

resolution

ID 1.60 ± 0.32 0.49 ± 0.04

MS 0.23 ± 0.01 3.75 ± 0.10 0.24 ± 0.04

σ p 
p

=
p0
MS

pT
⊕ p1

MS
⊕ p2

MS
pT

σ  1
pT  =

p1
ID

pT
⊕ p2

ID

• Combination of Muon System, 

and tracker• Energy losses in calorimeter 

accounted for via 

parametrisation and possibly 

calorimeter measurment

Combined
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Performance of the Muon Identification with the 
Atlas Detector in 2010 LHC pp Collision Data

Eve Le Ménédeu, for the ATLAS Collaboration

Measurements of the muon reconstruction efficiency and misidentification rate as well as the muon momentum resolution have been 
carried out with collision data at √s = 7 TeV recorded by the ATLAS experiment in 2010. The muon efficiency is determined with dimuon 
decays of J/ψ mesons and Z bosons. The momentum resolution is extracted from the width of the dimuon mass distribution in Z → µµ 
decays and the comparison of the independent measurements of muons from Z → µµ and W → µν

µ
 decays provided by the ATLAS 

tracking systems, the inner detector and the muon spectrometer.

Atlas Inner Detector

 Inside solenoid (2T)
 Pixels, SemiConductor Tracker, 

Transition Tradiation Tracker
 Cover |η| ≤ 2.5 region, except TRT (|η| ≤ 2)

 Use a toroidal field (about 0.5T)
 Precision chambers

 Monitored Drift Tubes in barrel and endcaps 
3 layers for |η|<2.0, 2 layers for 2.0 < |η| < 2.7, 
resolution of 35 µm per chamber

 Cathode Strip Chambers : 
1 layer (inner) for 2.0 < |η| < 2.7, 
resolution in precise coordinate of 40 µm per station

 Trigger chambers
 Resistive Plate Chambers in barrel (|η| < 1.05), 

1.5 ns of time resolution
 Thin Gap Chambers in endcaps (1.05 < |η| < 2.7)

Muon Reconstruction Principles

Efficiencies

Standalone

The track is entirely reconstructed in the MS, from trigger chambers hits and 
segments reconstructed in the precision chambers. The track is then extrapolated 
to IP and the momentum is corrected for the energy loss due to the material 
crossed before reaching the MS.

Combined

The combined muon track results of the combination of MS  and ID 
measurements by a statistical combination or a refit of the entire track. Energy 
losses in the calorimeter are taken into account using parametrisation and 
possibly calorimeter measurements

.

Segment Tagged

These muon tracks are based on the ID 
measurement. The muon is identified if at least 
one segment in MS matches with the ID track.

Calorimeter tagged

Starting from an ID track it is identified as a 
muon if the calorimeter deposit is compatible 
with a minimum ionizing particle.

Using tag and probe method with muons from
 J/ψ mesons for low p

T
 muons

 Z bosons for medium p
T
 muons

 Using high quality muon as the tag track
 Using high quality ID track in the corresponding mass window as probe
 Matching probe with a reconstructed muon

Main results
 Efficiency increase when adding the 

tagged muons
 Excellent agreement with MC:

the ratio of data/MC efficiencies are 
presented in the table

Resolution
Combined fit results to get the correction to MC 

resolution from
 MC distributions, obtained with smeared 

reconstructed momenta, are used for a 
simultaneous fit to the data distributions.

 The distributions
 Dimuons from Z bosons decay

 Invariant mass reconstructed independently 
for MS and ID

 Sensitive to σmult. scat. ⊕ σintrinsic in each case
 Single muons W and Z bosons decay

 (q/p
T

ID – q/p
T

MS
 
) for different values of p

T 

 Sensitive to σ
ID

σ⊕
MS

.
 Use constraints on MS alignment from straight 

tracks measurements
 Results: resolution parameters and smearing 

function 

Main contributions and results for barrel

Observed effects
 Missing material in barrel and endcaps: too small  

multiple scattering contribution in simulation
 ID misalignment → under improvement
 MS misalignment → small effect for W/Z decays, 

but improvements in CSC, BEE, BIS7/8 and EE 
regions

Fake Rate

What is a fake muon ?
 Real muon coming from long-living mesons (π,K) 

or baryons decaying in the detector,
 Misidentified hadrons (punch-through),
 Reconstruction ghosts.

Estimation of misidentification of pions as muons
 Using K0

S
 → π+π-

 
reconstructed in ID

 Look for muon matching with the highest p
T
 pion track

The fake rate coming from π is of the order of 0.1%.

Dimuon spectrum

Invariant mass between opposite sign 

combined muons coming from a 

common vertex
 One muon of at least 15 GeV
 All expected resonances are observed

Fake Rate

Dimuon Spectrum

Momentum ResolutionEfficiencies

Muon Reconstruction Principles

Atlas Inner Detector Atlas Muon Spectrometer

Z bosonsJ/ψ mesons

Combined Combined + 
segment tagged

J/ψ 0.980 ± 0.013 1.009 ± 0.007

Z 0.9918 ± 0.0020 1.0006 ± 0.0015

p
0
 (TeV)

Energy losses 
in calorimeters

p
1
 (%)

Multiple 
scattering

p
2
 (TeV-1)
Intrinsic 

resolution

ID 1.60 ± 0.32 0.49 ± 0.04

MS 0.23 ± 0.01 3.75 ± 0.10 0.24 ± 0.04

σ p 
p

=
p0
MS

pT
⊕ p1

MS
⊕ p2

MS
pT

σ  1
pT  =

p1
ID

pT
⊕ p2

ID

• Starting
 from an ID 

track

• identified
 as μ if

 

calorim
eter deposit 

compatible 
with MIP

Calori
meter 

tagged
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01/13/09                            US CMS JTerm III                             I. Bloch 5

3 Muon types in CMSSW

Two independent approaches for muon reconstruction leading to 
three different types of muon candidates: 
 

Tracker m, Standalone m and Global m 
inside-out outside-in
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Performance of the Muon Identification with the 
Atlas Detector in 2010 LHC pp Collision Data

Eve Le Ménédeu, for the ATLAS Collaboration

Measurements of the muon reconstruction efficiency and misidentification rate as well as the muon momentum resolution have been 
carried out with collision data at √s = 7 TeV recorded by the ATLAS experiment in 2010. The muon efficiency is determined with dimuon 
decays of J/ψ mesons and Z bosons. The momentum resolution is extracted from the width of the dimuon mass distribution in Z → µµ 
decays and the comparison of the independent measurements of muons from Z → µµ and W → µν

µ
 decays provided by the ATLAS 

tracking systems, the inner detector and the muon spectrometer.

Atlas Inner Detector

 Inside solenoid (2T)
 Pixels, SemiConductor Tracker, 

Transition Tradiation Tracker
 Cover |η| ≤ 2.5 region, except TRT (|η| ≤ 2)

 Use a toroidal field (about 0.5T)
 Precision chambers

 Monitored Drift Tubes in barrel and endcaps 
3 layers for |η|<2.0, 2 layers for 2.0 < |η| < 2.7, 
resolution of 35 µm per chamber

 Cathode Strip Chambers : 
1 layer (inner) for 2.0 < |η| < 2.7, 
resolution in precise coordinate of 40 µm per station

 Trigger chambers
 Resistive Plate Chambers in barrel (|η| < 1.05), 

1.5 ns of time resolution
 Thin Gap Chambers in endcaps (1.05 < |η| < 2.7)

Muon Reconstruction Principles

Efficiencies

Standalone

The track is entirely reconstructed in the MS, from trigger chambers hits and 
segments reconstructed in the precision chambers. The track is then extrapolated 
to IP and the momentum is corrected for the energy loss due to the material 
crossed before reaching the MS.

Combined

The combined muon track results of the combination of MS  and ID 
measurements by a statistical combination or a refit of the entire track. Energy 
losses in the calorimeter are taken into account using parametrisation and 
possibly calorimeter measurements

.

Segment Tagged

These muon tracks are based on the ID 
measurement. The muon is identified if at least 
one segment in MS matches with the ID track.

Calorimeter tagged

Starting from an ID track it is identified as a 
muon if the calorimeter deposit is compatible 
with a minimum ionizing particle.

Using tag and probe method with muons from
 J/ψ mesons for low p

T
 muons

 Z bosons for medium p
T
 muons

 Using high quality muon as the tag track
 Using high quality ID track in the corresponding mass window as probe
 Matching probe with a reconstructed muon

Main results
 Efficiency increase when adding the 

tagged muons
 Excellent agreement with MC:

the ratio of data/MC efficiencies are 
presented in the table

Resolution
Combined fit results to get the correction to MC 

resolution from
 MC distributions, obtained with smeared 

reconstructed momenta, are used for a 
simultaneous fit to the data distributions.

 The distributions
 Dimuons from Z bosons decay

 Invariant mass reconstructed independently 
for MS and ID

 Sensitive to σmult. scat. ⊕ σintrinsic in each case
 Single muons W and Z bosons decay

 (q/p
T

ID – q/p
T

MS
 
) for different values of p

T 

 Sensitive to σ
ID

σ⊕
MS

.
 Use constraints on MS alignment from straight 

tracks measurements
 Results: resolution parameters and smearing 

function 

Main contributions and results for barrel

Observed effects
 Missing material in barrel and endcaps: too small  

multiple scattering contribution in simulation
 ID misalignment → under improvement
 MS misalignment → small effect for W/Z decays, 

but improvements in CSC, BEE, BIS7/8 and EE 
regions

Fake Rate

What is a fake muon ?
 Real muon coming from long-living mesons (π,K) 

or baryons decaying in the detector,
 Misidentified hadrons (punch-through),
 Reconstruction ghosts.

Estimation of misidentification of pions as muons
 Using K0

S
 → π+π-

 
reconstructed in ID

 Look for muon matching with the highest p
T
 pion track

The fake rate coming from π is of the order of 0.1%.

Dimuon spectrum

Invariant mass between opposite sign 

combined muons coming from a 

common vertex
 One muon of at least 15 GeV
 All expected resonances are observed

Fake Rate

Dimuon Spectrum

Momentum ResolutionEfficiencies

Muon Reconstruction Principles

Atlas Inner Detector Atlas Muon Spectrometer

Z bosonsJ/ψ mesons

Combined Combined + 
segment tagged

J/ψ 0.980 ± 0.013 1.009 ± 0.007

Z 0.9918 ± 0.0020 1.0006 ± 0.0015

p
0
 (TeV)

Energy losses 
in calorimeters

p
1
 (%)

Multiple 
scattering

p
2
 (TeV-1)
Intrinsic 

resolution

ID 1.60 ± 0.32 0.49 ± 0.04

MS 0.23 ± 0.01 3.75 ± 0.10 0.24 ± 0.04

σ p 
p

=
p0
MS

pT
⊕ p1

MS
⊕ p2

MS
pT

σ  1
pT  =

p1
ID

pT
⊕ p2

ID
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Summary & Outlook
• We now have a complete list of identified individual 

particles
• e, γ, μ, π, KL0, PU-π
• This list of particles describes the entire event
•all���������	
��
������������������  detector���������	
��
������������������  hits���������	
��
������������������  are���������	
��
������������������  used;���������	
��
������������������  redundancy���������	
��
������������������  exploited;���������	
��
������������������  
•unused���������	
��
������������������  energy���������	
��
������������������  avoided;���������	
��
������������������  double���������	
��
������������������  counting���������	
��
������������������  of���������	
��
������������������  energy���������	
��
������������������  avoided

• Some of these particles can be identified as prompt
•we���������	
��
������������������  discussed���������	
��
������������������  electrons,���������	
��
������������������  photons,���������	
��
������������������  muons

• pile-up can be removed from isolation consideration
• Next, we will use the above list of particles to 

identify composite or unstable particles
• hadronic decays of τ-lepton, quark/gluon jets, b-jets, t-

jets, and ν’s
• More tomorrow!
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