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Jet Structure Through Particle Flow
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JET

neutral  
hadron

photon

charged  
hadrons

❖ Particle Flow: reconstructing 
all stable particles in event


• Using all detectors in unison


❖ Powerful tool for jet structure


• Particle-level information


• Full access to jet shape



Quark-Gluon Discrimination

JME-13-002

http://cds.cern.ch/record/1599732
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It’s Not Just ‘Jets’

❖ Most physics analyses flavour specific  

• eg. signal is quarks, background is gluons


❖ Quarks and gluons have different hadronization 

• Gluon jets: higher multiplicities, wider, more uniform energy fragmentation
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Quark jets: Gluon jets:
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Searching for Discriminating Variables

❖ Quark jets:


• Less constituents


• Narrower cone


• Asymmetrical energy sharing 
between constituents

!6
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MULTIPLICITY VARIABLES 

• Charged Multiplicity 
• Neutral Multiplicity 
• Total Multiplicity 

WIDTH VARIABLES 

• RMS of PFCandidate η-φ spread (σ) 
• Major axis of η-φ matrix (σ1) 
• Minor axis of η-φ matrix (σ2) 

ENERGY SHARING VARIABLES 

• Pull 
• R 
• pTD
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How the Variables Are Defined
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• of all charged PFCandidates, consider only those which are linked to tracks compat-
ible with the primary interaction vertex;

• of all neutral PFCandidates, consider only those which have pT > 1 GeV.

These requirements are enforced in the definitions of variables that follow.

Multiplicities

The simplest and most studied variable that can be used is the multiplicity, i.e. the total number
of PFCandidates reconstructed within the jet. Its properties are summarized in Ref. [22], where
it is shown that the ratio of the multiplicities from quark and gluon jets should converge to the
color factor ratio CA

CF
= 9

4 and provide a good discrimination, especially at high pT. Quark jets
are therefore expected to have, on average, lower values of multiplicities with respect to gluon
jets, for a given pT scale. The charged and neutral candidate multiplicities have been studied
separately for jets reconstructed in the tracker acceptance.

Jet shapes

Jets have a conical structure that can be projected in the h � f plane. Gluon hadronization
is expected to produce jets which are ’wider’ than jets induced by quark hadronization. The
jet width may be quantified by the two principal components of the second moment of the
constituent distribution in the h � f plane. The shape of a jet can be approximated by an
ellipse which is characterized by its two principal axes, the major and the minor axis, and the
orientation of the major axis in the plane. A 2⇥ 2 symmetric matrix, M, is constructed with the
following elements:

M11 = Â
i

p2
T,iDh2

i (1)

M22 = Â
i

p2
T,iDf2

i (2)

M12 = M21 = �Â
i

p2
T,iDhiDfi, (3)

where the sums extend over the jet constituents, pT,i is the i-th consituent’s transverse mo-
mentum, Dhi and Dfi are taken as the pseudorapidity and azimuthal distances between each
constituent and their average direction, defined as the p2

T,i-weighted direction of the jet con-
stituents in h � f space.

The major (s1) and minor (s2) axes of the jet can be computed from the eigenvalues l1,2 of the
matrix M by:

s1 =
�
l1/ Â

i
p2

T,i
�1/2 (4)

s2 =
�
l2/ Â

i
p2

T,i
�1/2. (5)

An average width (s) of the jet may also be defined, by taking the quadratic mean of the two
axes:

s =
q

s2
1 + s2

2

Quark jets are expected to produce, on average, narrower jets and therefore lower values of the
axes variables with respect to gluon jets of the same pT.

andσ2

σ1

η

φ
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MULTIPLICITY VARIABLES 
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4 5 Data validation

Fragmentation function

Quarks have a harder fragmentation function compared to gluons and are therefore more likely
to produce jets with hard constituents that carry a significant fraction of the jet energy. This can
be expressed with the pTD variable, defined as:

pTD =

q
Âi p2

T,i

Âi pT,i
(6)

where the sum runs over the jet constituents. From its definition, it stems that pTD ! 1 for jets
made of only one particle that carries all of its momentum, and pTD ! 0 for a jet made of an
infinite number of particles.

Additional variables have been studied, but not used in the tagger. These are the fractional
jet energy carried by its hardest constituent and the jet pull, defined as the vector sum of p2

T
weighted distances of each constituent with respect to the jet direction. They are detailed in
Appendix A.

4 Discriminator

Based on studies of single-variable discrimination power, a likelihood-product discriminator
is defined, built on the product of three variables: the total multiplicity, pTD and the s2. The
use of a likelihood discriminator ensures simplicity, transparency and robustness. The proba-
bility density functions (PDFs) on which the likelihood is based are built from jets in simulated
QCD dijet events, which have been successfully tagged as light-quark or gluon jets. The PDFs
are computed separately in two rapidity regions: a central region (|h| < 2) and a forward re-
gion (3 < |h| < 4.7). The PDFs obtained in the central region can be used for jets up to |h| = 2.5,
and jets with 2.5 < |h| < 4.7 can use the forward region PDFs.

In order to take into account the strong dependence of the means and shapes of the vari-
ables both on the jet pT and the amount of PU in the event, the PDFs are computed double-
differentially in bins of jet pT and r. The transverse momentum binning is logarithmically
spaced up to the TeV frontier, whereas the binning in r is linearly spaced in 1 GeV steps.

The likelihood product is built in such a way that it can be interpreted as the probability of
the jet to originate from a quark parton. Therefore it is expected to peak at unity for light-
quark jets and at zero for gluon jets. The expected shape of the likelihood discriminant out-
put for light-quarks (blue) and gluons (red) is shown in Fig. 1 (left) for jets with |h| < 2 and
40 < pT < 50 GeV.

The expected discriminator performance is shown in Fig. 1 (right), in terms of light-quark ef-
ficiency and gluon rejection. Three kinematical regions are shown: green squares for jets with
|h| < 2 and 40 < pT < 50 GeV, open brown markers for jets with |h| < 2 and 80 < pT < 100 GeV,
yellow solid markers for jets with 3 < |h| < 4.7 and 40 < pT < 50 GeV.

5 Data validation

A validation of the discriminator on 8 TeV collision data has been done by identifying two sam-
ples: Z+jets events, which are quark-enriched; and dijet events, which are gluon-enriched. By
the simultaneous use of these two control samples, the performance of the discriminator can be
verified on both parton flavors, and across the whole phase space. The following sections detail
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• of all charged PFCandidates, consider only those which are linked to tracks compat-
ible with the primary interaction vertex;

• of all neutral PFCandidates, consider only those which have pT > 1 GeV.

These requirements are enforced in the definitions of variables that follow.

Multiplicities

The simplest and most studied variable that can be used is the multiplicity, i.e. the total number
of PFCandidates reconstructed within the jet. Its properties are summarized in Ref. [22], where
it is shown that the ratio of the multiplicities from quark and gluon jets should converge to the
color factor ratio CA

CF
= 9

4 and provide a good discrimination, especially at high pT. Quark jets
are therefore expected to have, on average, lower values of multiplicities with respect to gluon
jets, for a given pT scale. The charged and neutral candidate multiplicities have been studied
separately for jets reconstructed in the tracker acceptance.

Jet shapes

Jets have a conical structure that can be projected in the h � f plane. Gluon hadronization
is expected to produce jets which are ’wider’ than jets induced by quark hadronization. The
jet width may be quantified by the two principal components of the second moment of the
constituent distribution in the h � f plane. The shape of a jet can be approximated by an
ellipse which is characterized by its two principal axes, the major and the minor axis, and the
orientation of the major axis in the plane. A 2⇥ 2 symmetric matrix, M, is constructed with the
following elements:

M11 = Â
i

p2
T,iDh2

i (1)

M22 = Â
i

p2
T,iDf2

i (2)

M12 = M21 = �Â
i

p2
T,iDhiDfi, (3)

where the sums extend over the jet constituents, pT,i is the i-th consituent’s transverse mo-
mentum, Dhi and Dfi are taken as the pseudorapidity and azimuthal distances between each
constituent and their average direction, defined as the p2

T,i-weighted direction of the jet con-
stituents in h � f space.

The major (s1) and minor (s2) axes of the jet can be computed from the eigenvalues l1,2 of the
matrix M by:

s1 =
�
l1/ Â

i
p2

T,i
�1/2 (4)

s2 =
�
l2/ Â

i
p2

T,i
�1/2. (5)

An average width (s) of the jet may also be defined, by taking the quadratic mean of the two
axes:

s =
q

s2
1 + s2

2

Quark jets are expected to produce, on average, narrower jets and therefore lower values of the
axes variables with respect to gluon jets of the same pT.

11

Gluon Jet Rejection
0 0.2 0.4 0.6 0.8 1

Q
ua

rk
 J

et
 E

ffi
cie

nc
y

0

0.2

0.4

0.6

0.8

1

 < 50 GeV
T

40 < p
D

T
p

1σ

2σ

σ
Charged Mult.
Neutral Mult.
Total Mult.
Pull
R
Quark-Gluon Likelihood

 = 8 TeVsCMS Simulation Preliminary,  

| < 2η|

Gluon Jet Rejection
0 0.2 0.4 0.6 0.8 1

Q
ua

rk
 J

et
 E

ffi
cie

nc
y

0

0.2

0.4

0.6

0.8

1

 < 100 GeV
T

80 < p
D

T
p

1σ

2σ

σ
Charged Mult.
Neutral Mult.
Total Mult.
Pull
R
Quark-Gluon Likelihood

 = 8 TeVsCMS Simulation Preliminary,  

| < 2η|

Gluon Jet Rejection
0 0.2 0.4 0.6 0.8 1

Q
ua

rk
 J

et
 E

ffi
cie

nc
y

0

0.2

0.4

0.6

0.8

1

 < 65 GeV
T

50 < p
D

T
p

1σ

2σ

σ

Multiplicity
Pull
R
Quark-Gluon Likelihood

 = 8 TeVsCMS Simulation Preliminary,  

| < 4.7η3 < |

Figure 6: Single-variable performance comparison, in terms of quark efficiency and gluon rejec-
tion after applying a cut on each variable independently, of the studied discriminating variables
for jets with |h| < 2 and 40 < pT < 50 GeV (left), with |h| < 2 and 80 < pT < 100 GeV (center),
and with 3 < |h| < 5 and 50 < pT < 65 GeV (right). See the text for details on the variable
definitions.

A Additional variables

In addition to the variables presented in this note, two additional variables have been studied
in detail: the jet candidate pull and the leading candidate energy fraction R, which are defined
in the following. The variables’ discriminating performance is shown in Fig. 6, in terms of
quark efficiency and gluon rejection after applying a cut requirement on each variable inde-
pendently: in the left and center plots for jets reconstructed in the central region (respectively
with 40 < pT < 50 GeV and 80 < pT < 100 GeV), in the right plot for jets in the forward region
and with 50 < pT < 65 GeV.

Pull

The jet pull (|~t|) expresses how much the jet direction is determined by high pT particles that
are not symmetrically distributed around the jet direction. It is computed as the vector sum of
p2

T weighted distances of each jet constituent with respect to the weighted average direction of
the jet constituents as defined in Section 3:

|~t| =
����
Âi p2

T,i|ri|~ri

Âi p2
T,i

����, (8)

where ~ri=(Dhi, Dfi). Quark jets are expected to have, on average, larger values of the pull
variable with respect to gluon jets, for a given pT.

R

The R variable is defined as the fractional transverse momentum of the leading particle inside
the jet:

R =
max(pT,i)

Âi pT,i
. (9)

Its properties are similar to pTD, so quark jets, which are expected to hadronize more asym-
metrically with respect to gluon jets, will have R values closer to unity.
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Figure 6: Single-variable performance comparison, in terms of quark efficiency and gluon rejec-
tion after applying a cut on each variable independently, of the studied discriminating variables
for jets with |h| < 2 and 40 < pT < 50 GeV (left), with |h| < 2 and 80 < pT < 100 GeV (center),
and with 3 < |h| < 5 and 50 < pT < 65 GeV (right). See the text for details on the variable
definitions.

A Additional variables

In addition to the variables presented in this note, two additional variables have been studied
in detail: the jet candidate pull and the leading candidate energy fraction R, which are defined
in the following. The variables’ discriminating performance is shown in Fig. 6, in terms of
quark efficiency and gluon rejection after applying a cut requirement on each variable inde-
pendently: in the left and center plots for jets reconstructed in the central region (respectively
with 40 < pT < 50 GeV and 80 < pT < 100 GeV), in the right plot for jets in the forward region
and with 50 < pT < 65 GeV.

Pull

The jet pull (|~t|) expresses how much the jet direction is determined by high pT particles that
are not symmetrically distributed around the jet direction. It is computed as the vector sum of
p2

T weighted distances of each jet constituent with respect to the weighted average direction of
the jet constituents as defined in Section 3:

|~t| =
����
Âi p2

T,i|ri|~ri

Âi p2
T,i

����, (8)

where ~ri=(Dhi, Dfi). Quark jets are expected to have, on average, larger values of the pull
variable with respect to gluon jets, for a given pT.

R

The R variable is defined as the fractional transverse momentum of the leading particle inside
the jet:

R =
max(pT,i)

Âi pT,i
. (9)

Its properties are similar to pTD, so quark jets, which are expected to hadronize more asym-
metrically with respect to gluon jets, will have R values closer to unity.

with

and

 = pT,i (max) / ∑ pT,i

σ2

σ1

η
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Three Variables for the Discriminator
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Variables Look Good in the Data

❖ Control sample: Z + (one) jet


• Quark enriched


• Good data/MC agreement
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Quark-Gluon Likelihood Discriminant
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Building the Discriminator

❖ Three variables combined into simple likelihood product


• Binned PDFs: in pT and pile-up


• Discrimination up to |η| = 5
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Quark-Gluon Likelihood Discriminant
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Some Discrepancies in the Gluons

❖ Observe discrepancy in dijet control sample


• With high gluon fraction
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Z+Jets 
40 < pT < 50 GeV, |η| < 2

Z+Jets 
80 < pT < 100 GeV, |η| < 2

DiJets 
40 < pT < 50 GeV, |η| < 2
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Quark-Gluon Likelihood Discriminant
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Smearing the MC to Match Data
❖ Smear MC to take into account discrepancy


• Not a reweighting: a re-mapping


• Change tagger value jet-by-jet


❖ Two-step procedure:


1.Derive on Z+jets (>70% quarks)


• Separately for quarks/gluons


• Until agreement with data


2. Apply on QCD (>60% gluons)


• They work!
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Nature Lies Between Pythia6 and Herwig++
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Nature Lies Between Pythia6 and Herwig++
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❖ Current LHC running: high-pileup conditions


• Average of 23 extra interactions (and up to 40!)


❖ Additional collisions produce soft jets


• But can overlap (combinatorics!)


• Resulting jets can have pT > 25 GeV


❖ Pile-up jet ID


• Crucial for analyses with low-pT jets

A Lot of Pile Up at the LHC
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❖ Pile up jets mainly overlap of soft jets from extra interactions


❖ Two main characteristics:


• Tracks incompatible with primary vertex


• Clustered particles more diffuse 

❖ Selected 12 variables (scanned >80)


• 4 track variables (|η| < 2.5)


• 8 shape variables (|η| < 5)


❖ Again making use of powerful Particle Flow information

Identifying Pile Up Jets

!16

‘Real’ jet

Pile-Up jet
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The Track-Based Variables

❖ Four track variables (|η| < 2.5):


• β: energy fraction of tracks 
    from primary vertex


• β*: energy fraction of tracks 
    from other vertexes


• dZ: z-distance between primary 
    vertex and hardest track


• nvertexes 

❖ Some disagreement in β* (and β)


• Due to known issue in simulation

!17
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The Shape Variables

❖ Twelve track variables (|η| < 5):


• "∆R2#: η-φ RMS of candidates 
(similar to σ in quark-gluon) 

• A < (∆R) < A+0.1: fractional pT sum 
of particles in a given annulus  
(all five annuli from 0 to 0.5 used)


• Ncharged: charged multiplicity


• Nneutrals: neutral multiplicity


• pTD: as in quark-gluon

!18

"∆R2#
Most powerful 
shape variable

Boston Jet Physics Workshop, 22.01.14

0.2 < ∆R < 0.3
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Pileup Jet MVA
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Building the Pile-Up Discriminator

❖ Twelve variables fed to an MVA (BDT)


• Trained separately in four |η| bins


• Tested on Z→µµ data


❖ Best discrimination in central region


❖ Some disagreements in endcap region


• From incorrect simulation  
of out-of-time pile-up


• Known problem, fixed in later releases


• Will take into account with scale factors
Pileup Jet MVA
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Measuring the Efficiency in the Data

❖ Derived on Z→µµ control sample


❖ Use ∆φ(Z-jet) distribution


• Real jets peak at ∆φ = π


• Pile up is flat in ∆φ
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Performance on Quarks and Gluons
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14 5 Performance
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Figure 8: ROC curves for quark and gluon jets with 25 < pT < 100 GeV in the four different h
regions.

forward regions, the background rejection is ⇠60% (40%) for 20 < pT < 30 GeV (30 < pT <362

50 GeV) at signal efficiencies of ⇠90% and ⇠80%.363

The identification efficiency is higher for gluon jets than for quark jets in the central and the364

tracker-endcap transition regions, where the b and b⇤ variables provide the highest discrimi-365

nation power, and vice versa in the endcap and forward regions. The differences in efficiency366

for gluon and quark jets are at or below the 1% level for the central and the tracker-endcap367

transition region; for jets in the endcap and forward regions, the absolute differences are in the368

range of 5–12%.369

To check the effect of using a different showering and hadronisation model, the signal efficien-370

cies are compared for simulated Z+jets events produced with either PYTHIA or HERWIG. For the371

given working point, the resulting efficiencies are compatible within statistical uncertainties of372

⇠ 1% for central jets. In the tracker-endcap transition region, the efficiencies agree within 2%,373

and within 5–10% beyond.374

❖ Very efficient discrimination  
in tracker-covered region


• >99% signal with ~90% 
background rejection


❖ Gluons in tracker: higher efficiency


• More particles → more tracks 
(→ better vertexing)


❖ Gluon in forward: lower efficiency


• Diffuse shape, like pile up
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An Application: Jet Veto

❖ An example: jet veto in Z→µµ analysis


• Without pile up ID: large dependence on pile up for pT < 40 GeV


• With pile up ID: no dependence
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Conclusions

❖ Successfully employed quark-gluon separation and pile up ID in CMS analyses


❖ Quark-gluon separation


• Multiplicity, width, energy sharing


• Simple likelihood with three inputs, up to |η| = 5


• Quarks well modeled by MC, gluons not so well


❖ Pile up jet identification


• Track- and shape-based variables


• Implemented as a BDT, also up to |η| = 5


• In |η|<2.5: >99% signal efficiency, ~90% BG rejection
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Quark-Gluon: Variable Definitions

!25

MULTIPLICITY VARIABLES 

• Charged Multiplicity 
• Neutral Multiplicity 
• Total Multiplicity 

WIDTH VARIABLES 

• RMS of PFCandidate η-φ spread (σ) 
• Major axis of η-φ matrix (σ1) 
• Minor axis of η-φ matrix (σ2) 

ENERGY SHARING VARIABLES 

• Pull  
•   
• pTD

from Particle Flow 

4 5 Data validation

Fragmentation function

Quarks have a harder fragmentation function compared to gluons and are therefore more likely
to produce jets with hard constituents that carry a significant fraction of the jet energy. This can
be expressed with the pTD variable, defined as:

pTD =

q
Âi p2

T,i

Âi pT,i
(6)

where the sum runs over the jet constituents. From its definition, it stems that pTD ! 1 for jets
made of only one particle that carries all of its momentum, and pTD ! 0 for a jet made of an
infinite number of particles.

Additional variables have been studied, but not used in the tagger. These are the fractional
jet energy carried by its hardest constituent and the jet pull, defined as the vector sum of p2

T
weighted distances of each constituent with respect to the jet direction. They are detailed in
Appendix A.

4 Discriminator

Based on studies of single-variable discrimination power, a likelihood-product discriminator
is defined, built on the product of three variables: the total multiplicity, pTD and the s2. The
use of a likelihood discriminator ensures simplicity, transparency and robustness. The proba-
bility density functions (PDFs) on which the likelihood is based are built from jets in simulated
QCD dijet events, which have been successfully tagged as light-quark or gluon jets. The PDFs
are computed separately in two rapidity regions: a central region (|h| < 2) and a forward re-
gion (3 < |h| < 4.7). The PDFs obtained in the central region can be used for jets up to |h| = 2.5,
and jets with 2.5 < |h| < 4.7 can use the forward region PDFs.

In order to take into account the strong dependence of the means and shapes of the vari-
ables both on the jet pT and the amount of PU in the event, the PDFs are computed double-
differentially in bins of jet pT and r. The transverse momentum binning is logarithmically
spaced up to the TeV frontier, whereas the binning in r is linearly spaced in 1 GeV steps.

The likelihood product is built in such a way that it can be interpreted as the probability of
the jet to originate from a quark parton. Therefore it is expected to peak at unity for light-
quark jets and at zero for gluon jets. The expected shape of the likelihood discriminant out-
put for light-quarks (blue) and gluons (red) is shown in Fig. 1 (left) for jets with |h| < 2 and
40 < pT < 50 GeV.

The expected discriminator performance is shown in Fig. 1 (right), in terms of light-quark ef-
ficiency and gluon rejection. Three kinematical regions are shown: green squares for jets with
|h| < 2 and 40 < pT < 50 GeV, open brown markers for jets with |h| < 2 and 80 < pT < 100 GeV,
yellow solid markers for jets with 3 < |h| < 4.7 and 40 < pT < 50 GeV.

5 Data validation

A validation of the discriminator on 8 TeV collision data has been done by identifying two sam-
ples: Z+jets events, which are quark-enriched; and dijet events, which are gluon-enriched. By
the simultaneous use of these two control samples, the performance of the discriminator can be
verified on both parton flavors, and across the whole phase space. The following sections detail

3

• of all charged PFCandidates, consider only those which are linked to tracks compat-
ible with the primary interaction vertex;

• of all neutral PFCandidates, consider only those which have pT > 1 GeV.

These requirements are enforced in the definitions of variables that follow.

Multiplicities

The simplest and most studied variable that can be used is the multiplicity, i.e. the total number
of PFCandidates reconstructed within the jet. Its properties are summarized in Ref. [22], where
it is shown that the ratio of the multiplicities from quark and gluon jets should converge to the
color factor ratio CA

CF
= 9

4 and provide a good discrimination, especially at high pT. Quark jets
are therefore expected to have, on average, lower values of multiplicities with respect to gluon
jets, for a given pT scale. The charged and neutral candidate multiplicities have been studied
separately for jets reconstructed in the tracker acceptance.

Jet shapes

Jets have a conical structure that can be projected in the h � f plane. Gluon hadronization
is expected to produce jets which are ’wider’ than jets induced by quark hadronization. The
jet width may be quantified by the two principal components of the second moment of the
constituent distribution in the h � f plane. The shape of a jet can be approximated by an
ellipse which is characterized by its two principal axes, the major and the minor axis, and the
orientation of the major axis in the plane. A 2⇥ 2 symmetric matrix, M, is constructed with the
following elements:

M11 = Â
i

p2
T,iDh2

i (1)

M22 = Â
i

p2
T,iDf2

i (2)

M12 = M21 = �Â
i

p2
T,iDhiDfi, (3)

where the sums extend over the jet constituents, pT,i is the i-th consituent’s transverse mo-
mentum, Dhi and Dfi are taken as the pseudorapidity and azimuthal distances between each
constituent and their average direction, defined as the p2

T,i-weighted direction of the jet con-
stituents in h � f space.

The major (s1) and minor (s2) axes of the jet can be computed from the eigenvalues l1,2 of the
matrix M by:

s1 =
�
l1/ Â

i
p2

T,i
�1/2 (4)

s2 =
�
l2/ Â

i
p2

T,i
�1/2. (5)

An average width (s) of the jet may also be defined, by taking the quadratic mean of the two
axes:

s =
q

s2
1 + s2

2

Quark jets are expected to produce, on average, narrower jets and therefore lower values of the
axes variables with respect to gluon jets of the same pT.
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Quark jets are expected to produce, on average, narrower jets and therefore lower values of the
axes variables with respect to gluon jets of the same pT.
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Figure 6: Single-variable performance comparison, in terms of quark efficiency and gluon rejec-
tion after applying a cut on each variable independently, of the studied discriminating variables
for jets with |h| < 2 and 40 < pT < 50 GeV (left), with |h| < 2 and 80 < pT < 100 GeV (center),
and with 3 < |h| < 5 and 50 < pT < 65 GeV (right). See the text for details on the variable
definitions.

A Additional variables

In addition to the variables presented in this note, two additional variables have been studied
in detail: the jet candidate pull and the leading candidate energy fraction R, which are defined
in the following. The variables’ discriminating performance is shown in Fig. 6, in terms of
quark efficiency and gluon rejection after applying a cut requirement on each variable inde-
pendently: in the left and center plots for jets reconstructed in the central region (respectively
with 40 < pT < 50 GeV and 80 < pT < 100 GeV), in the right plot for jets in the forward region
and with 50 < pT < 65 GeV.

Pull

The jet pull (|~t|) expresses how much the jet direction is determined by high pT particles that
are not symmetrically distributed around the jet direction. It is computed as the vector sum of
p2

T weighted distances of each jet constituent with respect to the weighted average direction of
the jet constituents as defined in Section 3:

|~t| =
����
Âi p2

T,i|ri|~ri

Âi p2
T,i

����, (8)

where ~ri=(Dhi, Dfi). Quark jets are expected to have, on average, larger values of the pull
variable with respect to gluon jets, for a given pT.

R

The R variable is defined as the fractional transverse momentum of the leading particle inside
the jet:

R =
max(pT,i)

Âi pT,i
. (9)

Its properties are similar to pTD, so quark jets, which are expected to hadronize more asym-
metrically with respect to gluon jets, will have R values closer to unity.
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Figure 6: Single-variable performance comparison, in terms of quark efficiency and gluon rejec-
tion after applying a cut on each variable independently, of the studied discriminating variables
for jets with |h| < 2 and 40 < pT < 50 GeV (left), with |h| < 2 and 80 < pT < 100 GeV (center),
and with 3 < |h| < 5 and 50 < pT < 65 GeV (right). See the text for details on the variable
definitions.

A Additional variables

In addition to the variables presented in this note, two additional variables have been studied
in detail: the jet candidate pull and the leading candidate energy fraction R, which are defined
in the following. The variables’ discriminating performance is shown in Fig. 6, in terms of
quark efficiency and gluon rejection after applying a cut requirement on each variable inde-
pendently: in the left and center plots for jets reconstructed in the central region (respectively
with 40 < pT < 50 GeV and 80 < pT < 100 GeV), in the right plot for jets in the forward region
and with 50 < pT < 65 GeV.

Pull

The jet pull (|~t|) expresses how much the jet direction is determined by high pT particles that
are not symmetrically distributed around the jet direction. It is computed as the vector sum of
p2

T weighted distances of each jet constituent with respect to the weighted average direction of
the jet constituents as defined in Section 3:

|~t| =
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Âi p2

T,i|ri|~ri

Âi p2
T,i

����, (8)

where ~ri=(Dhi, Dfi). Quark jets are expected to have, on average, larger values of the pull
variable with respect to gluon jets, for a given pT.

R

The R variable is defined as the fractional transverse momentum of the leading particle inside
the jet:

R =
max(pT,i)

Âi pT,i
. (9)

Its properties are similar to pTD, so quark jets, which are expected to hadronize more asym-
metrically with respect to gluon jets, will have R values closer to unity.
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Figure 6: Single-variable performance comparison, in terms of quark efficiency and gluon rejec-
tion after applying a cut on each variable independently, of the studied discriminating variables
for jets with |h| < 2 and 40 < pT < 50 GeV (left), with |h| < 2 and 80 < pT < 100 GeV (center),
and with 3 < |h| < 5 and 50 < pT < 65 GeV (right). See the text for details on the variable
definitions.

A Additional variables

In addition to the variables presented in this note, two additional variables have been studied
in detail: the jet candidate pull and the leading candidate energy fraction R, which are defined
in the following. The variables’ discriminating performance is shown in Fig. 6, in terms of
quark efficiency and gluon rejection after applying a cut requirement on each variable inde-
pendently: in the left and center plots for jets reconstructed in the central region (respectively
with 40 < pT < 50 GeV and 80 < pT < 100 GeV), in the right plot for jets in the forward region
and with 50 < pT < 65 GeV.

Pull

The jet pull (|~t|) expresses how much the jet direction is determined by high pT particles that
are not symmetrically distributed around the jet direction. It is computed as the vector sum of
p2

T weighted distances of each jet constituent with respect to the weighted average direction of
the jet constituents as defined in Section 3:

|~t| =
����
Âi p2

T,i|ri|~ri

Âi p2
T,i

����, (8)

where ~ri=(Dhi, Dfi). Quark jets are expected to have, on average, larger values of the pull
variable with respect to gluon jets, for a given pT.

R

The R variable is defined as the fractional transverse momentum of the leading particle inside
the jet:

R =
max(pT,i)

Âi pT,i
. (9)

Its properties are similar to pTD, so quark jets, which are expected to hadronize more asym-
metrically with respect to gluon jets, will have R values closer to unity.

USED JET CONSTITUENTS 
• Charged: from primary vertex 
• Neutral: pT > 1 GeV

�⌘ = ⌘ � ⌘̄

�� = �� �̄
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The Other RoC Curves
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The Other Data/MC Comparisons
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How the QG Smearing Really Works

❖ Take likelihood (LD) distributions for quarks and gluons separately


❖ Define smearing function: 


• Changes value of LD on jet-per-jet basis


• Not a reweighting


• Reduces LD discrimination


❖ Smear until data and MC agree


• χ2 minimization
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Smeared Pythia6 and Herwig++ Agree
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Pile Up ID: the Four Track Variables

!30

β

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Ev
en

ts
/0

.0
25

100

200

300

400

500

600

310×
Data
All
Gluon
Quark
PU
Real Jet

-1 = 8TeV L=20 fbsCMS Preliminary, 

 > 25 GeV
T

|  < 2.5  Jet pη |

µµ→Z

(cm)Z
jetd

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Ev
en

ts
/0

.0
2 

cm

210

310

410

510

610

Data
All
Gluon
Quark
PU
Real Jet

-1 = 8TeV L=20 fbsCMS Preliminary, 

 > 25 GeV
T

|  < 2.5  Jet pη |

µµ→Z

Number of Primary Vertices
0 5 10 15 20 25 30 35 40 45 50 55

Ev
en

ts
/2

100

200

300

400

500

600
310×

Data
All
Gluon
Quark
PU
Real Jet

-1 = 8TeV L=20 fbsCMS Preliminary, 

 > 25 GeV
T

| < 2.5 Jet pη0 < |

µµ→Z



Francesco Pandolfi Boston Jet Physics Workshop, 21.01.14

 R < 0.2∆0.1 < 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Ev
en

ts
/0

.0
25

50

100

150

200

250

300

310×
Data
All
Gluon
Quark
PU
Real Jet

-1 = 8TeV L=20 fbsCMS Preliminary, 

 > 25 GeV
T

|  < 2.5  Jet pη |

µµ→Z

chargedN
0 5 10 15 20 25 30 35 40 45

Ev
en

ts
/b

in

50

100

150

200

250

310×
Data
All
Gluon
Quark
PU
Real Jet

-1 = 8TeV L=20 fbsCMS Preliminary, 

 > 25 GeV
T

|  < 2.5  Jet pη |

µµ→Z

 R < 0.1∆

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Ev
en

ts
/0

.0
25

50
100
150
200
250
300
350
400
450

310×
Data
All
Gluon
Quark
PU
Real Jet

-1 = 8TeV L=20 fbsCMS Preliminary, 

 > 25 GeV
T

|  < 2.5  Jet pη |

µµ→Z

 R < 0.4∆0.3 < 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Ev
en

ts
/0

.0
25

100

200

300

400

500

310×
Data
All
Gluon
Quark
PU
Real Jet

-1 = 8TeV L=20 fbsCMS Preliminary, 

 > 25 GeV
T

|  < 2.5  Jet pη |

µµ→Z

Pile Up ID: the Other Shape Variables

!31


