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• Let’s pick where we left off yesterday...
• Muons!
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A spectroscopist’s delight!
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The power of muon identification!

At the LHC, muons are clean
and “easy” (compared to other particles)
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LHC pp experiments
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• Track reconstructed entirely 

within Muon System

• Extrapolated to IP

• Momentum corrected for 

multiple scattering from 

material

Stand alone
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• Combination of Muon System, 

and tracker• Energy losses in calorimeter 

accounted for via 

parametrisation and possibly 

calorimeter measurment

Combined
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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!

11



14.08.2012

UIC University of Illinois
at Chicago

Fermilab

R. Cavanaugh, HCPSS 2012Slide:
Date:

of 34 LPC
LHC Physics Center

Basic tau-decay signatures

12

18%

18%

11%

38%

10%
5%

eνν μνν
πν πν+nπ0
3πν 3πν+nπ0

π±

π± + nπ0

μ±

e±



14.08.2012

UIC University of Illinois
at Chicago

Fermilab

R. Cavanaugh, HCPSS 2012Slide:
Date:

of 34 LPC
LHC Physics Center

Basic tau-decay signatures
• Massive, (relatively) long lived
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Basic tau-decay signatures
• Massive, (relatively) long lived

• m(τ±) = 1.7 GeV
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Basic tau-decay signatures
• Massive, (relatively) long lived

• m(τ±) = 1.7 GeV
• cτ = 87 μm
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Basic tau-decay signatures
• Massive, (relatively) long lived

• m(τ±) = 1.7 GeV
• cτ = 87 μm

• leptonic decays: 35%
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jet
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ips

• ΔηxΔφ = 0.05x0.2

• to capture all conversions

• Combine with π±’s to form tau-
candidates
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1 π±, 1 π0 (sep. γγ)

• Branching Fraction:  9.8%

• three π± ≈ a1 mass

3 π±, 0 π0 
Could also do ID modes 
   1 π±, 2 π0’s   or  3 π±, 1 π0  

• Tau constituents must lie 
within a shrinking 
ΔR ≤ 2.8 / pT(τ)

Shrinking Cone

• Isolation cone of ΔR = 0.5

• summed pT of all particles, except 
constituents of tau-candidate

• loose: no π± with pT > 1.0 GeV; 
no γ with pT > 1.5 GeV

• medium: no π± with pT > 0.8 GeV; 
no γ with pT > 0.8 GeV

• tight: no π± with pT > 0.5 GeV; 
no γ with pT > 0.5 GeV

Isolation
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• Tau-jet (single+three prong) reconstruction at CMS 
benefits enormously from Particle Flow

Tau Reconstruction
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b-jet Identification

16

• Exploit properties of
 b hadrons to 

distinguish from light (udsg) jets:

• long lifetime: ~ 1.5 ps (20 G
eV 

B-hadron decays after ~2 m
m)

• search for track
s or vertexes 

displaced w.r.t. primary

• large mass: ~ 5 GeV

• search for lepto
ns from 

semileptonic B decays with 

large pT w.r.t. jet axis

Identifying b
-jetsIdentifying b-Jets 

!! The CMS collaboration has implemented several algorithms 

to discriminate jets coming from the hadronization of b 

quarks from those from lighter quarks 

!! Exploit the properties of b hadrons to distinguish b-jets 

from light (u,d,s,g) jets:         

!!  large lifetime ~1.5 ps (large decay length: 20 GeV  

     B-hadron decays after ~2 mm) 

!! search for tracks or vertexes displaced w.r.t. 

primary vertex  

!! large mass ~5 GeV 

!! search for leptons, from semileptonic B decays, with 

large transverse momentum w.r.t. jet axis  

!! Tagged b-jets will be used to identify top quarks and in 

searches of the Higgs boson and other non Standard Model 

searches. 

!! A reliable estimate of the performance of these algorithms 

is therefore crucial, and methods to estimate efficiencies 

and mistag rates directly from data are needed. 

!! CMS has prepared several strategies to extract efficiencies 

and rejection rates from data, which should work even on 

the first data (10 pb-1). 

Flight Length ~ few mm 

Collision 

Impact Parameter 

Decay Vertex 

B Decay Products 

!"#"$%&
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!! search for tracks or vertexes displaced w.r.t. 

primary vertex  

!! large mass ~5 GeV 

!! search for leptons, from semileptonic B decays, with 

large transverse momentum w.r.t. jet axis  

!! Tagged b-jets will be used to identify top quarks and in 

searches of the Higgs boson and other non Standard Model 

searches. 

!! A reliable estimate of the performance of these algorithms 

is therefore crucial, and methods to estimate efficiencies 

and mistag rates directly from data are needed. 

!! CMS has prepared several strategies to extract efficiencies 

and rejection rates from data, which should work even on 

the first data (10 pb-1). 

Flight Length ~ few mm 
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Decay Vertex 

B Decay Products 
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b-tagging Algorithms
• Large B hadron lifetime

Large impact parameter do

• Search for tracks displaced w.r.t PV

• Use either 2D (transve
rse to beam)

or 3D impact parameter

• Use “sign” of the impact parameter

• positive if track intersection 

with jet is along jet d
irection

• Impact parameter significance

d0/sd0 used to distinguish between 

true b-jets and fake b-jets

Impact Parameter

Impact Parameter  

!! Large B hadron lifetime ! large impact parameter,d0, of B decay products 

!! Search for tracks displaced w.r.t. primary vertex 

!! Use either 2D (transverse plane to beam line)  

 or 3D impact parameter 

!! Use “sign” of the impact parameter: 

!! positive if track intersection with jet  

   axis is along jet direction 

!! Impact parameter significance,  

   d0/sd0 is used as discriminant between  

   signal (true b-jets) and background  

   (fake b-jets)  
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• Combined• Leptons 
• Soft muons by 3D IP• Soft muons by pTrel• soft electrons• Combined MVA

b-tagging Algorithms

• Identify a jet as a “b-jet” if at least N 
tracks each with a 3D impact parameter 
significance exceeding some value S

• for High efficiency, require only 2 
such tracks

• for High purity, require 3 such 
tracks

Track Counting

!!  Identify a jet as a “b-jet” if there are at least N tracks each with a 3D significance of 

    the impact parameter exceeding S 
!! if one is interested in a high efficiency for b-jets, the second track can be used 

!! for higher purity selections the third track is a better choice 

Track Counting 
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Mistag rate versus efficiency for the “track counting high efficieny” (left) 

and “track counting high purity” (right) taggers 

• Large B hadron lifetime
Large impact parameter do

• Search for tracks displaced w.r.t PV

• Use either 2D (transve
rse to beam)

or 3D impact parameter

• Use “sign” of the impact parameter

• positive if track intersection 

with jet is along jet d
irection

• Impact parameter significance

d0/sd0 used to distinguish between 

true b-jets and fake b-jets

Impact Parameter

Impact Parameter  
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   axis is along jet direction 

!! Impact parameter significance,  
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   signal (true b-jets) and background  
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Mistag rate versus efficiency for the “track counting high efficieny” (left) 

and “track counting high purity” (right) taggers 

• Large B hadron lifetime
Large impact parameter do

• Search for tracks displaced w.r.t PV

• Use either 2D (transve
rse to beam)

or 3D impact parameter

• Use “sign” of the impact parameter

• positive if track intersection 

with jet is along jet d
irection

• Impact parameter significance

d0/sd0 used to distinguish between 

true b-jets and fake b-jets

Impact Parameter

Impact Parameter  

!! Large B hadron lifetime ! large impact parameter,d0, of B decay products 

!! Search for tracks displaced w.r.t. primary vertex 

!! Use either 2D (transverse plane to beam line)  

 or 3D impact parameter 

!! Use “sign” of the impact parameter: 

!! positive if track intersection with jet  

   axis is along jet direction 
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   signal (true b-jets) and background  
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• Jet Probability

• Determine the prob that each track 
in jet comes from PV

• estimate combined prob that all 
tracks in jet come from PV

• Jet B Probability

• Estimate how likely it is that the 4 
most displaced tracks are 
compatible with the PV

• Use “4” since the average track 
multiplicy in weak B hadron decays 
is 5 and average track

Jet [B] Probability

                Jet [B] Probability 

!!Jet Probability 

!! Determine the probability that each track in jet comes from primary vertex 

!! Estimate a combined probability that all tracks in jet come from PV 

!! Use combined probability as discriminant  

!! Jet B Probability 
!! Estimate how likely it is that the four most displaced tracks are compatible with 

   the primary vertex 

!! The selection 4 comes from the fact that the average charged track multiplicity in 

   weak B hadron decays is  5, and average track reconstruction efficiency is around 

   80% for tracks in jets 

JP JBP 

!"#"$%& '&()&*+,-./"&*0123&45&



14.08.2012

UIC University of Illinois
at Chicago

Fermilab

LPC
LHC Physics Center

of 34Slide:
Date: R. Cavanaugh, HCPSS 2012

b-jet Identification

16

• Exploit properties of
 b hadrons to 

distinguish from light (udsg) jets:

• long lifetime: ~ 1.5 ps (20 G
eV 

B-hadron decays after ~2 m
m)

• search for track
s or vertexes 

displaced w.r.t. primary

• large mass: ~ 5 GeV

• search for lepto
ns from 

semileptonic B decays with 

large pT w.r.t. jet axis

Identifying b
-jetsIdentifying b-Jets 

!! The CMS collaboration has implemented several algorithms 

to discriminate jets coming from the hadronization of b 

quarks from those from lighter quarks 

!! Exploit the properties of b hadrons to distinguish b-jets 

from light (u,d,s,g) jets:         

!!  large lifetime ~1.5 ps (large decay length: 20 GeV  

     B-hadron decays after ~2 mm) 

!! search for tracks or vertexes displaced w.r.t. 

primary vertex  

!! large mass ~5 GeV 

!! search for leptons, from semileptonic B decays, with 

large transverse momentum w.r.t. jet axis  

!! Tagged b-jets will be used to identify top quarks and in 

searches of the Higgs boson and other non Standard Model 

searches. 

!! A reliable estimate of the performance of these algorithms 

is therefore crucial, and methods to estimate efficiencies 

and mistag rates directly from data are needed. 

!! CMS has prepared several strategies to extract efficiencies 

and rejection rates from data, which should work even on 

the first data (10 pb-1). 

Flight Length ~ few mm 

Collision 

Impact Parameter 

Decay Vertex 

B Decay Products 

!"#"$%&

#&

'(&)*+,-."&)/012
&34&

• Impact parameter• Track counting• Jet (B)Probability• Secondary Vertex based• Simple
• Combined• Leptons 
• Soft muons by 3D IP• Soft muons by pTrel• soft electrons• Combined MVA

b-tagging Algorithms
• Large B hadron lifetime

Large impact parameter do

• Search for tracks displaced w.r.t PV

• Use either 2D (transve
rse to beam)

or 3D impact parameter

• Use “sign” of the impact parameter

• positive if track intersection 

with jet is along jet d
irection

• Impact parameter significance

d0/sd0 used to distinguish between 

true b-jets and fake b-jets

Impact Parameter

Impact Parameter  

!! Large B hadron lifetime ! large impact parameter,d0, of B decay products 

!! Search for tracks displaced w.r.t. primary vertex 

!! Use either 2D (transverse plane to beam line)  

 or 3D impact parameter 

!! Use “sign” of the impact parameter: 

!! positive if track intersection with jet  

   axis is along jet direction 

!! Impact parameter significance,  

   d0/sd0 is used as discriminant between  

   signal (true b-jets) and background  

   (fake b-jets)  

!"#"$%&

'&

()&*+,-./"&*0123&45&



14.08.2012

UIC University of Illinois
at Chicago

Fermilab

LPC
LHC Physics Center

of 34Slide:
Date: R. Cavanaugh, HCPSS 2012

b-jet Identification

16

• Exploit properties of
 b hadrons to 

distinguish from light (udsg) jets:

• long lifetime: ~ 1.5 ps (20 G
eV 

B-hadron decays after ~2 m
m)

• search for track
s or vertexes 

displaced w.r.t. primary

• large mass: ~ 5 GeV

• search for lepto
ns from 

semileptonic B decays with 

large pT w.r.t. jet axis

Identifying b
-jetsIdentifying b-Jets 

!! The CMS collaboration has implemented several algorithms 

to discriminate jets coming from the hadronization of b 

quarks from those from lighter quarks 

!! Exploit the properties of b hadrons to distinguish b-jets 

from light (u,d,s,g) jets:         

!!  large lifetime ~1.5 ps (large decay length: 20 GeV  

     B-hadron decays after ~2 mm) 

!! search for tracks or vertexes displaced w.r.t. 

primary vertex  

!! large mass ~5 GeV 

!! search for leptons, from semileptonic B decays, with 

large transverse momentum w.r.t. jet axis  

!! Tagged b-jets will be used to identify top quarks and in 

searches of the Higgs boson and other non Standard Model 

searches. 

!! A reliable estimate of the performance of these algorithms 

is therefore crucial, and methods to estimate efficiencies 

and mistag rates directly from data are needed. 

!! CMS has prepared several strategies to extract efficiencies 

and rejection rates from data, which should work even on 

the first data (10 pb-1). 

Flight Length ~ few mm 

Collision 

Impact Parameter 

Decay Vertex 

B Decay Products 

!"#"$%&

#&

'(&)*+,-."&)/012
&34&

• Impact parameter• Track counting• Jet (B)Probability• Secondary Vertex based• Simple
• Combined• Leptons 
• Soft muons by 3D IP• Soft muons by pTrel• soft electrons• Combined MVA

b-tagging Algorithms
• Large B hadron lifetime

Large impact parameter do

• Search for tracks displaced w.r.t PV

• Use either 2D (transve
rse to beam)

or 3D impact parameter

• Use “sign” of the impact parameter

• positive if track intersection 

with jet is along jet d
irection

• Impact parameter significance

d0/sd0 used to distinguish between 

true b-jets and fake b-jets

Impact Parameter

Impact Parameter  

!! Large B hadron lifetime ! large impact parameter,d0, of B decay products 

!! Search for tracks displaced w.r.t. primary vertex 

!! Use either 2D (transverse plane to beam line)  

 or 3D impact parameter 

!! Use “sign” of the impact parameter: 

!! positive if track intersection with jet  

   axis is along jet direction 

!! Impact parameter significance,  

   d0/sd0 is used as discriminant between  

   signal (true b-jets) and background  

   (fake b-jets)  

!"#"$%&

'&

()&*+,-./"&*0123&45&

• Simple Second
ary Vertex

• Reco at lea
st one “2n

dary Vertex”

• Determine signifi
cance of 3

D flight 

distance

• Combined Secondary Vertex

• Use second
ary vertice

s, together
 

with other l
ifetime information like, 

IP significance, ver
tex mass, number 

of tracks at vertex
, decay lengt

hs, ...

Secondar
y Vertex

         Secondary Vertex 

!! Simple Secondary Vertex 

!! Based on reconstruction of atleast one “Secondary Vertex” 

!! The significance of the 3D flight distance is used as a discriminator 

!! Combined Secondary Vertex 

!! Involves the use of secondary vertices, together with other lifetime 

          information, like the IP significance, vertex mass, number of tracks at  

          th
e vertex, decay lengths … 
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CSV 

SSV 
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!! Simple Secondary Vertex 

!! Based on reconstruction of atleast one “Secondary Vertex” 

!! The significance of the 3D flight distance is used as a discriminator 

!! Combined Secondary Vertex 

!! Involves the use of secondary vertices, together with other lifetime 

          information, like the IP significance, vertex mass, number of tracks at  

          th
e vertex, decay lengths … 
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CSV 

SSV 

• Exploit large BR(b->leptons) ≈ 10% & 
large B hadron mass ≈ 5 GeV

• Leptons from b decays characterized by

• large IP w.r.t. PV

• large pT w.r.t. jet axis (pTrel)

• large angle w.r.t jet axis

• Lepton quality selection improves b-tag 
purity

Soft Leptons

Soft Leptons 

!! Exploit large semileptonic branching fraction of B decays ( Br(b ! lepton) ! 10%) 
    along with the large b-hadron mass (~5 GeV) 

!! Leptons from b decays are  characterized by: 
!! large impact parameter w.r.t. PV 

!! large transverse momentum w.r.t. jet axis (pTrel) 

!! large angular distance w.r.t. jet axis 
!! Lepton (muon or electron) quality selection  

   improves b-tagging purity 
Jet Axis 

Allows to distinguish b-jets 

from c- and light-jets 

non b-jets 

b-jets 

For muon-jets, pTrel is defined as the pT of the muon 

relative to the direction of the muon+jet axis 
!"#"$%& %&'(&)*+,-."&)/012&34&
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• Based data samples with ≥ 2 je
ts + 

non-isolated muon close
 by

• Determine b-con
tent by fi

tting the 

pTrel distributio
n of muon+jet t

o a 

linear co
mbination 

of pTrel 

templates for
 b and non-b be

fore 

and after tag
ging the 

muon+jet.

• b-tag effi
ciency ca

lculates a
s ratio 

between the #
 of b-jets

 before a
nd 

after tagg
ing by the

 pTrel fits

pTrel Me
thod

pTrel Method 

!! The method is based on data samples that have 

atleast two reconstructed jets and a non-isolated 

muon close to one of the jets 

!! Determine b-content of sample by fitting the pTrel 

distribution of the muon-jet to a linear combination 

of pTrel templates for b and non-b jets before and after 

tagging the muon-jet with a tagger 
Away-jet 

muon 

  MC data"

b-jets 
non b-jets 

!! The b-tagging efficiency is calculated as 

the ratio between the number of b-jets 

after and before tagging as determined by 

the pTrel fits
 

Fit"
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&+1234&56&

System8 Method 
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the mistag rate due to detector effects like resolutions and badly 

reconstructed tracks 
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!! Distribution of negative and positive discriminators 

should be approximately symmetric for uds and gluon 
jets 
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processes such as long lived particles, hadronic 
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6.2 Offset Correction

9

The key element for this approach is the jet area Aj . A very large number of infinitely soft four-

momentum vectors (soft enough not to change the properties of the true jets) are artificially

added in the event and clustered by the jet algorithm together with the true jet components. The

extent of the region in the y− φ space occupied by the soft particles clustered in each jet defines

the active jet area. The other important quantity for the pile-up subtraction is the pT density

ρ, which is calculated with the kT jet clustering algorithm [19–21] with a distance parameter

R = 0.6. The kT algorithm naturally clusters a large number of soft jets in each event, which

effectively cover the entire y − φ space, and can be used to estimate an average pT-density. The

quantity ρ is defined on an event-by-event basis as the median of the distribution of the variable

pTj /Aj , where j runs over all jets in the event, and is not sensitive to the presence of hard jets.

At the detector level, the measured density ρ is the convolution of the true particle-level activity

(underlying event, pile-up) with the detector response to the various particle types.

Based on the knowledge of the jet area and the event density ρ, an event-by-event and jet-by-jet

pile-up correction factor can be defined:

Carea(praw
T , Aj , ρ) = 1 − (ρ − �ρUE�) · Ajpraw

T .

(13)

In the formula above, �ρUE� is the pT-density component due to the UE and electronics noise,

and is measured in events with exactly one reconstructed primary vertex (no pile-up). Figure 1

shows the PF pT-density ρ, as a function of the leading jet pT in QCD events and for various

pile-up conditions. The fact that ρ does not depend on the hard scale of the event confirms that

it is really a measure of the soft jet activity. Finally, the density ρ shows linear scaling properties

with respect to the amount of pile-up.
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Figure 1: Pile-up and underlying event PF pT-density ρ, as a function of the leading jet pT

in the QCD multijet sample for various pile-up conditions (here NPV denotes the number of

reconstructed vertices, and A denotes the unit area in the y − φ space).
6.2.2 Average Offset Method

The average offset method attempts to measure the average energy due to noise and pile-up,

clustered inside the jet area, in addition to the energy associated with the jet shower itself. The
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Pile-Up Corrections
Pile-up measured with Zero Bias data and MC, then calibrated to QCD MC offset.

Random cone method allows to separate contribution per subdetector

Most charged hadrons can be associated to pile-up vertices and removed

Part that can be removed is labeled ”charge Hadrons”

Part that remains as PU after charge hadron substraction is labeled ”charged pile-up”
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momentum vectors (soft enough not to change the properties of the true jets) are artificially

added in the event and clustered by the jet algorithm together with the true jet components. The

extent of the region in the y− φ space occupied by the soft particles clustered in each jet defines
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ρ, which is calculated with the kT jet clustering algorithm [19–21] with a distance parameter

R = 0.6. The kT algorithm naturally clusters a large number of soft jets in each event, which

effectively cover the entire y − φ space, and can be used to estimate an average pT-density. The

quantity ρ is defined on an event-by-event basis as the median of the distribution of the variable

pTj /Aj , where j runs over all jets in the event, and is not sensitive to the presence of hard jets.

At the detector level, the measured density ρ is the convolution of the true particle-level activity

(underlying event, pile-up) with the detector response to the various particle types.

Based on the knowledge of the jet area and the event density ρ, an event-by-event and jet-by-jet

pile-up correction factor can be defined:
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T , Aj , ρ) = 1 − (ρ − �ρUE�) · Ajpraw
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In the formula above, �ρUE� is the pT-density component due to the UE and electronics noise,

and is measured in events with exactly one reconstructed primary vertex (no pile-up). Figure 1

shows the PF pT-density ρ, as a function of the leading jet pT in QCD events and for various

pile-up conditions. The fact that ρ does not depend on the hard scale of the event confirms that

it is really a measure of the soft jet activity. Finally, the density ρ shows linear scaling properties

with respect to the amount of pile-up.
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6.2 Offset Correction

9

The key element for this approach is the jet area Aj . A very large number of infinitely soft four-

momentum vectors (soft enough not to change the properties of the true jets) are artificially

added in the event and clustered by the jet algorithm together with the true jet components. The

extent of the region in the y− φ space occupied by the soft particles clustered in each jet defines

the active jet area. The other important quantity for the pile-up subtraction is the pT density

ρ, which is calculated with the kT jet clustering algorithm [19–21] with a distance parameter

R = 0.6. The kT algorithm naturally clusters a large number of soft jets in each event, which

effectively cover the entire y − φ space, and can be used to estimate an average pT-density. The

quantity ρ is defined on an event-by-event basis as the median of the distribution of the variable

pTj /Aj , where j runs over all jets in the event, and is not sensitive to the presence of hard jets.

At the detector level, the measured density ρ is the convolution of the true particle-level activity

(underlying event, pile-up) with the detector response to the various particle types.

Based on the knowledge of the jet area and the event density ρ, an event-by-event and jet-by-jet

pile-up correction factor can be defined:

Carea(praw
T , Aj , ρ) = 1 − (ρ − �ρUE�) · Ajpraw

T .

(13)

In the formula above, �ρUE� is the pT-density component due to the UE and electronics noise,

and is measured in events with exactly one reconstructed primary vertex (no pile-up). Figure 1

shows the PF pT-density ρ, as a function of the leading jet pT in QCD events and for various

pile-up conditions. The fact that ρ does not depend on the hard scale of the event confirms that

it is really a measure of the soft jet activity. Finally, the density ρ shows linear scaling properties

with respect to the amount of pile-up.
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Figure 1: Pile-up and underlying event PF pT-density ρ, as a function of the leading jet pT

in the QCD multijet sample for various pile-up conditions (here NPV denotes the number of

reconstructed vertices, and A denotes the unit area in the y − φ space).
6.2.2 Average Offset Method

The average offset method attempts to measure the average energy due to noise and pile-up,

clustered inside the jet area, in addition to the energy associated with the jet shower itself. The
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The key element for this approach is the jet area Aj . A very large number of infinitely soft four-

momentum vectors (soft enough not to change the properties of the true jets) are artificially

added in the event and clustered by the jet algorithm together with the true jet components. The

extent of the region in the y− φ space occupied by the soft particles clustered in each jet defines

the active jet area. The other important quantity for the pile-up subtraction is the pT density

ρ, which is calculated with the kT jet clustering algorithm [19–21] with a distance parameter

R = 0.6. The kT algorithm naturally clusters a large number of soft jets in each event, which

effectively cover the entire y − φ space, and can be used to estimate an average pT-density. The

quantity ρ is defined on an event-by-event basis as the median of the distribution of the variable

pTj /Aj , where j runs over all jets in the event, and is not sensitive to the presence of hard jets.

At the detector level, the measured density ρ is the convolution of the true particle-level activity

(underlying event, pile-up) with the detector response to the various particle types.

Based on the knowledge of the jet area and the event density ρ, an event-by-event and jet-by-jet

pile-up correction factor can be defined:

Carea(praw
T , Aj , ρ) = 1 − (ρ − �ρUE�) · Ajpraw

T .

(13)

In the formula above, �ρUE� is the pT-density component due to the UE and electronics noise,

and is measured in events with exactly one reconstructed primary vertex (no pile-up). Figure 1

shows the PF pT-density ρ, as a function of the leading jet pT in QCD events and for various

pile-up conditions. The fact that ρ does not depend on the hard scale of the event confirms that

it is really a measure of the soft jet activity. Finally, the density ρ shows linear scaling properties

with respect to the amount of pile-up.
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Figure 1: Pile-up and underlying event PF pT-density ρ, as a function of the leading jet pT

in the QCD multijet sample for various pile-up conditions (here NPV denotes the number of

reconstructed vertices, and A denotes the unit area in the y − φ space).
6.2.2 Average Offset Method

The average offset method attempts to measure the average energy due to noise and pile-up,

clustered inside the jet area, in addition to the energy associated with the jet shower itself. The
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The key element for this approach is the jet area Aj . A very large number of infinitely soft four-

momentum vectors (soft enough not to change the properties of the true jets) are artificially

added in the event and clustered by the jet algorithm together with the true jet components. The

extent of the region in the y− φ space occupied by the soft particles clustered in each jet defines

the active jet area. The other important quantity for the pile-up subtraction is the pT density

ρ, which is calculated with the kT jet clustering algorithm [19–21] with a distance parameter

R = 0.6. The kT algorithm naturally clusters a large number of soft jets in each event, which

effectively cover the entire y − φ space, and can be used to estimate an average pT-density. The

quantity ρ is defined on an event-by-event basis as the median of the distribution of the variable

pTj /Aj , where j runs over all jets in the event, and is not sensitive to the presence of hard jets.

At the detector level, the measured density ρ is the convolution of the true particle-level activity

(underlying event, pile-up) with the detector response to the various particle types.

Based on the knowledge of the jet area and the event density ρ, an event-by-event and jet-by-jet

pile-up correction factor can be defined:

Carea(praw
T , Aj , ρ) = 1 − (ρ − �ρUE�) · Ajpraw

T .

(13)

In the formula above, �ρUE� is the pT-density component due to the UE and electronics noise,

and is measured in events with exactly one reconstructed primary vertex (no pile-up). Figure 1

shows the PF pT-density ρ, as a function of the leading jet pT in QCD events and for various

pile-up conditions. The fact that ρ does not depend on the hard scale of the event confirms that

it is really a measure of the soft jet activity. Finally, the density ρ shows linear scaling properties

with respect to the amount of pile-up.
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Figure 1: Pile-up and underlying event PF pT-density ρ, as a function of the leading jet pT

in the QCD multijet sample for various pile-up conditions (here NPV denotes the number of

reconstructed vertices, and A denotes the unit area in the y − φ space).
6.2.2 Average Offset Method

The average offset method attempts to measure the average energy due to noise and pile-up,
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6.2 Offset Correction

9

The key element for this approach is the jet area Aj . A very large number of infinitely soft four-

momentum vectors (soft enough not to change the properties of the true jets) are artificially

added in the event and clustered by the jet algorithm together with the true jet components. The

extent of the region in the y− φ space occupied by the soft particles clustered in each jet defines

the active jet area. The other important quantity for the pile-up subtraction is the pT density

ρ, which is calculated with the kT jet clustering algorithm [19–21] with a distance parameter

R = 0.6. The kT algorithm naturally clusters a large number of soft jets in each event, which

effectively cover the entire y − φ space, and can be used to estimate an average pT-density. The

quantity ρ is defined on an event-by-event basis as the median of the distribution of the variable

pTj /Aj , where j runs over all jets in the event, and is not sensitive to the presence of hard jets.

At the detector level, the measured density ρ is the convolution of the true particle-level activity

(underlying event, pile-up) with the detector response to the various particle types.

Based on the knowledge of the jet area and the event density ρ, an event-by-event and jet-by-jet

pile-up correction factor can be defined:

Carea(praw
T , Aj , ρ) = 1 − (ρ − �ρUE�) · Ajpraw

T .

(13)

In the formula above, �ρUE� is the pT-density component due to the UE and electronics noise,

and is measured in events with exactly one reconstructed primary vertex (no pile-up). Figure 1

shows the PF pT-density ρ, as a function of the leading jet pT in QCD events and for various

pile-up conditions. The fact that ρ does not depend on the hard scale of the event confirms that

it is really a measure of the soft jet activity. Finally, the density ρ shows linear scaling properties

with respect to the amount of pile-up.
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Figure 1: Pile-up and underlying event PF pT-density ρ, as a function of the leading jet pT

in the QCD multijet sample for various pile-up conditions (here NPV denotes the number of

reconstructed vertices, and A denotes the unit area in the y − φ space).
6.2.2 Average Offset Method

The average offset method attempts to measure the average energy due to noise and pile-up,

clustered inside the jet area, in addition to the energy associated with the jet shower itself. The
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6.2 Offset Correction

9

The key element for this approach is the jet area Aj . A very large number of infinitely soft four-

momentum vectors (soft enough not to change the properties of the true jets) are artificially

added in the event and clustered by the jet algorithm together with the true jet components. The

extent of the region in the y− φ space occupied by the soft particles clustered in each jet defines

the active jet area. The other important quantity for the pile-up subtraction is the pT density

ρ, which is calculated with the kT jet clustering algorithm [19–21] with a distance parameter

R = 0.6. The kT algorithm naturally clusters a large number of soft jets in each event, which

effectively cover the entire y − φ space, and can be used to estimate an average pT-density. The

quantity ρ is defined on an event-by-event basis as the median of the distribution of the variable

pTj /Aj , where j runs over all jets in the event, and is not sensitive to the presence of hard jets.

At the detector level, the measured density ρ is the convolution of the true particle-level activity

(underlying event, pile-up) with the detector response to the various particle types.

Based on the knowledge of the jet area and the event density ρ, an event-by-event and jet-by-jet

pile-up correction factor can be defined:

Carea(praw
T , Aj , ρ) = 1 − (ρ − �ρUE�) · Ajpraw

T .

(13)

In the formula above, �ρUE� is the pT-density component due to the UE and electronics noise,

and is measured in events with exactly one reconstructed primary vertex (no pile-up). Figure 1

shows the PF pT-density ρ, as a function of the leading jet pT in QCD events and for various

pile-up conditions. The fact that ρ does not depend on the hard scale of the event confirms that

it is really a measure of the soft jet activity. Finally, the density ρ shows linear scaling properties

with respect to the amount of pile-up.
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Figure 1: Pile-up and underlying event PF pT-density ρ, as a function of the leading jet pT

in the QCD multijet sample for various pile-up conditions (here NPV denotes the number of

reconstructed vertices, and A denotes the unit area in the y − φ space).
6.2.2 Average Offset Method

The average offset method attempts to measure the average energy due to noise and pile-up,

clustered inside the jet area, in addition to the energy associated with the jet shower itself. The
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Combined Pile-up and MC truth effects
Pile-up corrections remove response dependance vs NPV .

MC truth correction brings the closure back to one.
Uncorrected Jets with PU

Pile-up corrected jets
PU+MC truth corrected
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MC truth
Eta and pTcorrections derived from QCD MC sample.

Derived after Pile up corrections.
MC pile up profile reweighted to data to account for residuals after L1.

Fully corrected response closes well in MC.

Particle Flow minimizes flavor response differences

Flavor differences within 3% in barrel for pT > 30 GeV.
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Combined Pile-up and MC truth effects
Pile-up corrections remove response dependance vs NPV .

MC truth correction brings the closure back to one.

Uncorrected Jets with PU
Pile-up corrected jets

PU+MC truth corrected

!"#$%&
'$(
)
*

+,-
.,-

/
$0
*1
(0
$

-23

,

,2+

,24

,25

,23

+

!"!#$%
&!"!'

!"!(&$%
#!"!'

!"!(#$%
(&!"!'

!"!)&$%
(#!"!'

!"!)#$%
)&!"!'

!"!*&$%
)#!"!'

!+!,!-.%
/

012!34.5676894:

;0<!1=8>.!0945=?8>6@A-!B+&C#D!$E5=FG!"!(C*G

!"#$%&
'$(
)
*

+,-
.,-

/0
1$
2
*3
4
56
6$
78
$9
!:
$;
*5
(;
$

-<=

,

,<+

,<>

,<?

,<=

+

!"!#$%
&!"!'

!"!(&$%
#!"!'

!"!(#$%
(&!"!'

!"!)&$%
(#!"!'

!"!)#$%
)&!"!'

!"!*&$%
)#!"!'

!+!,!-.%
/

012!34.5676894:

;0<!1=8>.!0945=?8>6@A-!B+&C#D!$E5=FG!"!(C*G

!"#$%&
'$(
)
*

+,-
.,-

/0
112
34
56
6$
78
$9
!:
$;
*5
(;
$

-<=

,

,<+

,<>

,<?

,<=

+

!"!#$%
&!"!'

!"!(&$%
#!"!'

!"!(#$%
(&!"!'

!"!)&$%
(#!"!'

!"!)#$%
)&!"!'

!"!*&$%
)#!"!'

!+!,!-.%
/

012!34.5676894:

;0<!1=8>.!0945=?8>6@A-!B+&C#D!$E5=FG!"!(C*G

The CMS collaboration
JEC

6 / 12



14.08.2012

UIC University of Illinois
at Chicago

Fermilab

LPC
LHC Physics Center

of 34Slide:
Date: R. Cavanaugh, HCPSS 201222

Relative Jet Energy Scale



14.08.2012

UIC University of Illinois
at Chicago

Fermilab

LPC
LHC Physics Center

of 34Slide:
Date: R. Cavanaugh, HCPSS 201222

Relative Jet Energy Scale

• Relative correct
ion (vs η): flatten 

relative respon
se vs η

• Extract relativ
e jet response 

with 

respect to barr
el

• Use of 2→2 di-jet process

Dijet balanc
ing



14.08.2012

UIC University of Illinois
at Chicago

Fermilab

LPC
LHC Physics Center

of 34Slide:
Date: R. Cavanaugh, HCPSS 201222

Relative Jet Energy Scale

• Relative correct
ion (vs η): flatten 

relative respon
se vs η

• Extract relativ
e jet response 

with 

respect to barr
el

• Use of 2→2 di-jet process

Dijet balanc
ing



14.08.2012

UIC University of Illinois
at Chicago

Fermilab

LPC
LHC Physics Center

of 34Slide:
Date: R. Cavanaugh, HCPSS 201222

Relative Jet Energy Scale

2012 JEC status Approval Plots Conclusions Jet Corrections

Eta dependence

Using dijet events.

Detector modeling accurate: η-dependent residuals for all jets types below 2.5% at

|η| < 2.4
Slightly larger residual in end caps outside tracker coverage.

HF modeling requires 5 to 10% correction.

Main recommended algorithm is PF(chs), but CALO and JPT also supported.
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• Absolute (pT) correction: flatten 
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•  Z→ee + jet, Z→μμ + jet• Z reco + topological selection• Clean, smaller systematics at 

low pT 
• Problems with back-to-back 
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• “Out of cone” parton showering 
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Absolute Scale

Absolute JEC scale determined with Zµµ+jet, Zee+jet, and γ+jet
all these need extrapolation correction for additional jet activity
photon+jet samples vs Pythia, Z+jet samples vs MadGraph, which models additional
activity well.

No significant pTdependance observed, so a single flat scale factor is used.
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Jet Energy Correction Uncertainties

Uncertainties comparable to 2010, 2011.
Pile-up uncertainties increasing due to higher average pile-up.
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Jet Composition Cross-check vs pT

Jet composition agrees well between Data and MC in barrel region.
consistent with small residual JEC at the 1-2% level.
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Jet Composition Cross-check vs pT

Jet composition agrees well between Data and MC in barrel region.
consistent with small residual JEC at the 1-2% level.
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Jet Composition Cross-check vs η

Jet composition shows increasing differences in the forward region
consistent with residuals corrections of 2-13%.
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Jet Composition Cross-check vs η

Jet composition shows increasing differences in the forward region
consistent with residuals corrections of 2-13%.
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• Light quarks have 
higher response than 
gluons as they 
fragment into higher 
pT particles

• QCD dijet events 
have mostly gluons

• γ/Z+jet events are 
rich in quarks, have 
higher jet response
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2012 JEC status Approval Plots Conclusions
Jet Corrections

MC truth
Eta and pTcorrections derived from QCD MC sample.

Derived after Pile up corrections.
MC pile up profile reweighted to data to account for residuals after L1.

Fully corrected response closes well in MC.

Particle Flow minimizes flavor response differences

Flavor differences within 3% in barrel for pT > 30 GeV.
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7.2 Dijet Measurements 39
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Figure 34: Bias-corrected data measurements, compared to the generator-level MC (denoted as

MC-truth) pT resolution before (red-dashed line) and after correction for the measured discrep-

ancy between data and simulation (red-solid line) for CALO (top left), JPT (top right), and PF

jets (bottom) in |η| < 0.5.
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Figure 34: Bias-corrected data measurements, compared to the generator-level MC (denoted as

MC-truth) pT resolution before (red-dashed line) and after correction for the measured discrep-

ancy between data and simulation (red-solid line) for CALO (top left), JPT (top right), and PF

jets (bottom) in |η| < 0.5.
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Figure 34: Bias-corrected data measurements, compared to the generator-level MC (denoted as

MC-truth) pT resolution before (red-dashed line) and after correction for the measured discrep-

ancy between data and simulation (red-solid line) for CALO (top left), JPT (top right), and PF

jets (bottom) in |η| < 0.5.
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Missing ET using Particle Flow

• MET is the transverse momentum vector sum over all 
reconstructed particles:

• The list of reconstructed particles form a global event 
description, provided by the PF Algorithm:

• { μ±, e±, γ, π±, KL0, pile-up particles, etc }

�ET/ = −
�

particles

(px î + py ĵ)
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What does MET depend on?
• Depends on particle multiplicity in the event

• inefficient particles create fake MET

• fake particles create fake MET

• Depends on particle momenta in the event

• poorly measured particles create fake MET

• A good (combined) measure of this is:

• summed transverse momenta of event “∑ET”: 

• more particles      more ∑ET

• more momenta     more ∑ET

• Study performance of MET vs ∑ET
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• pT uncertainty measured for each & every particle

• Charged particles: track covariance matrix

• Neutral particles: test beam data

• Use error propagation over all particles 
to find total significance that 
observed MET is compatible with zero MET
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8.1 Definition 25

measured total transverse momentum.

We first introduce the likelihood that we would observe a total transverse momentum�ε under
our null hypothesis. For the two object case, the likelihood function is given by

L(�ε) =
�

P1(�ET1 |�eT1))P2(�ET2 |�eT2))δ(�ε − (�ET1 + �ET2)) d�ET2 d�ET2

=
�

p1(�ε1|�eT1)p2(�ε2|�eT2)δ(�ε − (�ε1 +�eT1 +�ε2 +�eT2)) d�ε1 d�ε2

=
�

p1(�ε1|�eT1)p2(�ε2|�eT2)δ(�ε − (�ε1 +�ε2)) d�ε1 d�ε2, (4)

since 0 = ∑i�eTi = �eT1 +�eT2. For an arbitrary number of input objects, the full likelihood
function can be generated by a recursive application of Eq. (4). The significance is defined as
the log-likelihood ratio

S ≡ 2 ln
�
L(�ε = ∑�ε i)
L(�ε = 0)

�
, (5)

which compares the likelihood of measuring the total observed �ET
total

= ∑ �ETi = ∑�ε i to the
likelihood of the null hypothesis, �ET

total
= 0.

This formulation is completely general and accommodates any probability distribution func-
tion. In practice, however, we often employ Gaussian uncertainties for measured quantities,
for which the integrals of Eq. (4) can be done analytically. The Gaussian probability density
function is given by

pi(�ε i|�eTi) ∼ exp
�
−1

2
(�ε i)

TV−1
i (�ε i)

�
,

where Vi is the 2 × 2 covariance matrix associated with the ith measurement. The integration
of Eq. (4) yields

L(�ε) ∼ exp
�
−1

2
(�ε) T V−1 (�ε)

�

with V = V1 + V2. When many measurements contribute, the expression generalizes to

L(�ε) ∼ exp



−1
2
(�ε) T

�

∑
i

Vi

�−1

(�ε)



 . (6)

The covariance matrix Ui for each reconstructed object in the �ET sum is initially specified
in a natural coordinate system having one axis aligned with the measured �ETi vector, �ETi ≡
(ETi cos φi, ETi sin φi):

Ui =

�
σ2

ETi
0

0 E2
Ti

σ2
φi

�
. (7)

• pT uncertainty measured for each & every particle

• Charged particles: track covariance matrix

• Neutral particles: test beam data

• Use error propagation over all particles 
to find total significance that 
observed MET is compatible with zero MET
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• Neutral particles: test beam data

• Use error propagation over all particles 
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Figure 21: The E/T significance SPF distributions (left) and the corresponding probability of
χ2, P(χ2), distributions (right) for dijet event samples in data (points) and simulation (solid
histograms) with 30 GeV (top) and 60 GeV (bottom) jet pT thresholds. The dashed histograms
show the simulation distributions with true E/T contributions, from physics and finite accep-
tance effects, subtracted event-by-event. The dotted line overlaid on the SPF distributions
shows a reference pure exponential function. Each inset expands the small P(χ2) region.
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• pT uncertainty measured for each & every particle

• Charged particles: track covariance matrix

• Neutral particles: test beam data
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Figure 21: The E/T significance SPF distributions (left) and the corresponding probability of
χ2, P(χ2), distributions (right) for dijet event samples in data (points) and simulation (solid
histograms) with 30 GeV (top) and 60 GeV (bottom) jet pT thresholds. The dashed histograms
show the simulation distributions with true E/T contributions, from physics and finite accep-
tance effects, subtracted event-by-event. The dotted line overlaid on the SPF distributions
shows a reference pure exponential function. Each inset expands the small P(χ2) region.
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Figure 21: The E/T significance SPF distributions (left) and the corresponding probability of
χ2, P(χ2), distributions (right) for dijet event samples in data (points) and simulation (solid
histograms) with 30 GeV (top) and 60 GeV (bottom) jet pT thresholds. The dashed histograms
show the simulation distributions with true E/T contributions, from physics and finite accep-
tance effects, subtracted event-by-event. The dotted line overlaid on the SPF distributions
shows a reference pure exponential function. Each inset expands the small P(χ2) region.
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Figure 21: The E/T significance SPF distributions (left) and the corresponding probability of
χ2, P(χ2), distributions (right) for dijet event samples in data (points) and simulation (solid
histograms) with 30 GeV (top) and 60 GeV (bottom) jet pT thresholds. The dashed histograms
show the simulation distributions with true E/T contributions, from physics and finite accep-
tance effects, subtracted event-by-event. The dotted line overlaid on the SPF distributions
shows a reference pure exponential function. Each inset expands the small P(χ2) region.
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measured total transverse momentum.

We first introduce the likelihood that we would observe a total transverse momentum�ε under
our null hypothesis. For the two object case, the likelihood function is given by

L(�ε) =
�

P1(�ET1 |�eT1))P2(�ET2 |�eT2))δ(�ε − (�ET1 + �ET2)) d�ET2 d�ET2

=
�

p1(�ε1|�eT1)p2(�ε2|�eT2)δ(�ε − (�ε1 +�eT1 +�ε2 +�eT2)) d�ε1 d�ε2

=
�

p1(�ε1|�eT1)p2(�ε2|�eT2)δ(�ε − (�ε1 +�ε2)) d�ε1 d�ε2, (4)

since 0 = ∑i�eTi = �eT1 +�eT2. For an arbitrary number of input objects, the full likelihood
function can be generated by a recursive application of Eq. (4). The significance is defined as
the log-likelihood ratio

S ≡ 2 ln
�
L(�ε = ∑�ε i)
L(�ε = 0)

�
, (5)

which compares the likelihood of measuring the total observed �ET
total

= ∑ �ETi = ∑�ε i to the
likelihood of the null hypothesis, �ET

total
= 0.

This formulation is completely general and accommodates any probability distribution func-
tion. In practice, however, we often employ Gaussian uncertainties for measured quantities,
for which the integrals of Eq. (4) can be done analytically. The Gaussian probability density
function is given by

pi(�ε i|�eTi) ∼ exp
�
−1

2
(�ε i)

TV−1
i (�ε i)

�
,

where Vi is the 2 × 2 covariance matrix associated with the ith measurement. The integration
of Eq. (4) yields

L(�ε) ∼ exp
�
−1

2
(�ε) T V−1 (�ε)

�

with V = V1 + V2. When many measurements contribute, the expression generalizes to

L(�ε) ∼ exp



−1
2
(�ε) T

�

∑
i

Vi

�−1

(�ε)



 . (6)

The covariance matrix Ui for each reconstructed object in the �ET sum is initially specified
in a natural coordinate system having one axis aligned with the measured �ETi vector, �ETi ≡
(ETi cos φi, ETi sin φi):

Ui =

�
σ2

ETi
0

0 E2
Ti

σ2
φi

�
. (7)

8.1 Definition 25

measured total transverse momentum.

We first introduce the likelihood that we would observe a total transverse momentum�ε under
our null hypothesis. For the two object case, the likelihood function is given by

L(�ε) =
�

P1(�ET1 |�eT1))P2(�ET2 |�eT2))δ(�ε − (�ET1 + �ET2)) d�ET2 d�ET2

=
�

p1(�ε1|�eT1)p2(�ε2|�eT2)δ(�ε − (�ε1 +�eT1 +�ε2 +�eT2)) d�ε1 d�ε2

=
�

p1(�ε1|�eT1)p2(�ε2|�eT2)δ(�ε − (�ε1 +�ε2)) d�ε1 d�ε2, (4)

since 0 = ∑i�eTi = �eT1 +�eT2. For an arbitrary number of input objects, the full likelihood
function can be generated by a recursive application of Eq. (4). The significance is defined as
the log-likelihood ratio

S ≡ 2 ln
�
L(�ε = ∑�ε i)
L(�ε = 0)

�
, (5)

which compares the likelihood of measuring the total observed �ET
total

= ∑ �ETi = ∑�ε i to the
likelihood of the null hypothesis, �ET

total
= 0.

This formulation is completely general and accommodates any probability distribution func-
tion. In practice, however, we often employ Gaussian uncertainties for measured quantities,
for which the integrals of Eq. (4) can be done analytically. The Gaussian probability density
function is given by

pi(�ε i|�eTi) ∼ exp
�
−1

2
(�ε i)

TV−1
i (�ε i)

�
,

where Vi is the 2 × 2 covariance matrix associated with the ith measurement. The integration
of Eq. (4) yields

L(�ε) ∼ exp
�
−1

2
(�ε) T V−1 (�ε)

�

with V = V1 + V2. When many measurements contribute, the expression generalizes to

L(�ε) ∼ exp



−1
2
(�ε) T

�

∑
i

Vi

�−1

(�ε)



 . (6)

The covariance matrix Ui for each reconstructed object in the �ET sum is initially specified
in a natural coordinate system having one axis aligned with the measured �ETi vector, �ETi ≡
(ETi cos φi, ETi sin φi):

Ui =

�
σ2

ETi
0

0 E2
Ti

σ2
φi

�
. (7)

• pT uncertainty measured for each & every particle

• Charged particles: track covariance matrix

• Neutral particles: test beam data

• Use error propagation over all particles 
to find total significance that 
observed MET is compatible with zero MET

• Zero true MET events should follow a flat P(χ2) distribution

• Real true MET events (& badly reconstructed events) peak at zero P(χ2)
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Figure 21: The E/T significance SPF distributions (left) and the corresponding probability of
χ2, P(χ2), distributions (right) for dijet event samples in data (points) and simulation (solid
histograms) with 30 GeV (top) and 60 GeV (bottom) jet pT thresholds. The dashed histograms
show the simulation distributions with true E/T contributions, from physics and finite accep-
tance effects, subtracted event-by-event. The dotted line overlaid on the SPF distributions
shows a reference pure exponential function. Each inset expands the small P(χ2) region.
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Figure 21: The E/T significance SPF distributions (left) and the corresponding probability of
χ2, P(χ2), distributions (right) for dijet event samples in data (points) and simulation (solid
histograms) with 30 GeV (top) and 60 GeV (bottom) jet pT thresholds. The dashed histograms
show the simulation distributions with true E/T contributions, from physics and finite accep-
tance effects, subtracted event-by-event. The dotted line overlaid on the SPF distributions
shows a reference pure exponential function. Each inset expands the small P(χ2) region.



• pT uncertainty measured for each & every particle

• Charged particles: track covariance matrix

• Neutral particles: test beam data

• Use error propagation over all particles 
to find total significance that 
observed MET is compatible with zero MET

• Zero true MET events should follow a flat P(χ2) distribution

• Real true MET events (& badly reconstructed events) peak at zero P(χ2)
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Figure 21: The E/T significance SPF distributions (left) and the corresponding probability of
χ2, P(χ2), distributions (right) for dijet event samples in data (points) and simulation (solid
histograms) with 30 GeV (top) and 60 GeV (bottom) jet pT thresholds. The dashed histograms
show the simulation distributions with true E/T contributions, from physics and finite accep-
tance effects, subtracted event-by-event. The dotted line overlaid on the SPF distributions
shows a reference pure exponential function. Each inset expands the small P(χ2) region.
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measured total transverse momentum.

We first introduce the likelihood that we would observe a total transverse momentum�ε under
our null hypothesis. For the two object case, the likelihood function is given by

L(�ε) =
�
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p1(�ε1|�eT1)p2(�ε2|�eT2)δ(�ε − (�ε1 +�ε2)) d�ε1 d�ε2, (4)

since 0 = ∑i�eTi = �eT1 +�eT2. For an arbitrary number of input objects, the full likelihood
function can be generated by a recursive application of Eq. (4). The significance is defined as
the log-likelihood ratio

S ≡ 2 ln
�
L(�ε = ∑�ε i)
L(�ε = 0)

�
, (5)

which compares the likelihood of measuring the total observed �ET
total

= ∑ �ETi = ∑�ε i to the
likelihood of the null hypothesis, �ET

total
= 0.

This formulation is completely general and accommodates any probability distribution func-
tion. In practice, however, we often employ Gaussian uncertainties for measured quantities,
for which the integrals of Eq. (4) can be done analytically. The Gaussian probability density
function is given by

pi(�ε i|�eTi) ∼ exp
�
−1

2
(�ε i)

TV−1
i (�ε i)

�
,

where Vi is the 2 × 2 covariance matrix associated with the ith measurement. The integration
of Eq. (4) yields

L(�ε) ∼ exp
�
−1

2
(�ε) T V−1 (�ε)

�

with V = V1 + V2. When many measurements contribute, the expression generalizes to

L(�ε) ∼ exp


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

 . (6)

The covariance matrix Ui for each reconstructed object in the �ET sum is initially specified
in a natural coordinate system having one axis aligned with the measured �ETi vector, �ETi ≡
(ETi cos φi, ETi sin φi):

Ui =
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ETi
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30 8 E/T significance

was found to outperform the option where each event was treated as electron-free (as is the
case for the dominant background).

Figure 23 also shows that the SPF distributions for W → eν in data and simulation agree well.
As expected, the backgrounds without genuine E/T are compressed towards low values of SPF
while signal events having real E/T extend to high values of SPF.
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Figure 23: (left) Efficiency curves for W → eν signal versus backgrounds varying the minimum
value of E/T (solid lines), of SPF (dotted lines), and of E/T/

�
∑ ETi (dot-dash line), with the 95%

efficient (blue) or 80% efficient (red) electron isolation criterion applied. (right) Distributions
for SPF in candidate W → eν events from data (points) and simulation (stacked histograms).
The simulation components, from top to bottom, are signal (mustard) and backgrounds from
jets (purple), γ+ jets (black), Z → e+e− (yellow), and W± → τ±ντ (orange). The simulation is
scaled by a fit to the data with floating normalizations for the signal and the total background.

Figures 24 and 25 contrast the behaviour of signal and total background efficiencies for mini-
mum E/T or SPF thresholds for different numbers of interaction vertices (pile-up) in simulation.
The jets and γ+ jets backgrounds, which have no genuine E/T, dominate. The background con-
tribution at higher E/T grows as pile-up increases, while the SPF levels remain quite stable. As
a result, a background subtraction based on extrapolation of E/T will be sensitive to the mod-
eling of pile-up, while one based on extrapolation of SPF would not. As one can see from the
signal versus background efficiency curves shown in Fig. 25, differentiation of signal from
background degrades for both E/T and SPF as pile-up increases. Regardless of the amount of
pile-up, however, SPF always provides a superior signal to background ratio compared to E/T.
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