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Introduction

Performance 
Studies

Phenomenology  
Studies

BSM Searches 
SM Measurements

The field of jet substructure is an active field of research 
with a fast pipeline from new ideas to experimental results.
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FIG. 2: Accumulated pT after showering a particular par-
tonic phase space point 3 million times. Left has the b and
b̄ color-connected to each other (signal) and right has the b
and b̄ color-connected to the beams (background). Contours
represent factors of 2 increase in radiation.

In order to extract the color connections, they must
persist into the distribution of the observable hadrons.
The basic intuition for how the color flow might show
up follows from approximations used in parton show-
ers [7, 8]. In these simulations, the color dipoles are al-
lowed to radiate through Markovian evolution from the
large energy scales associated with the hard interaction
to the lower energy scale associated with confinement.
These emissions transpire in the rest frame of the dipole.
When boosting back to the lab frame, the radiation ap-
pears dominantly within an angular region spanned by
the dipole, as indicated by the arrows in Figure 1. Alter-
natively, an angular ordering can be enforced on the radi-
ation (as in herwig [9]). The parton shower treatment of
radiation attempts to include a number of features which
are physical but hard to calculate analytically, such as
overall momentum and probability conservation or co-
herence phenomena associated with soft radiation.

It is more important that these effects exist in data
than that they are included in the simulation. In fact,
color coherence effects have already been seen by vari-
ous experiments. In e+e− collisions, for example, evi-
dence for color connections between final-state quark and
gluon jets was observed in three jet events by JADE
at DESY [10]. Later, at LEP, the L3 and DELPHI
experiments found evidence for color coherence among
the hadronic decay products of color-singlet objects in
W+W− events [11, 12]. Also, in pp̄ collisions at the Teva-
tron, color connections of a jet to beam remnants have
been observed by D0 in W+jet events [13]. All of these
studies used analysis techniques which were very depen-
dent on the particular event topology. What we will now
show is that it is possible to come up with a very general
discriminant which can help determine the color flow of
practically any event. Such a tool has the potential for
wide applicability in new physics searches at the LHC.

For an example, we will use Higgs production in asso-
ciation with a Z. The Z allows the Higgs to have some
pT so that its bb̄ decay products are not back-to-back
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FIG. 3: Event-by-event density plot of the pull vector of the b
jet in polar coordinates. The signal (connected to b̄ jet) is on
the left, the background (connected to the left-going, y = −∞

beam) is on the right. 105 events are shown.

in azimuthal angle, φ. Our benchmark calculator will
be madgraph [14] for the matrix elements interfaced to
pythia 8 [15] for the parton shower, hadronization and
underlying event, with other simulations used for valida-
tion.
To begin, we isolate the effect of the color connec-

tions by fixing the parton momentum. We compare
events with Zbb̄ in the final state (with Z → leptons) in
which the quarks are color-connected to each other (sig-
nal) versus color-connected to the beam (background).
In Figure 2, we show the distribution of radiation for
a typical case, where (y,φ) = (−0.5,−1) for one b and
(y,φ) = (0.5, 1) for the other, with pT = 200 GeV for
each b, where y is the rapidity. For this figure, we have
showered and hadronized the same parton-level configu-
ration over and over again, accumulating the pT of the
final-state hadrons in 0.1 × 0.1 bins in y-φ space. The
color connections are unmistakable.
The superstructure feature of the jets in Figure 2 that

we want to isolate is that the radiation in each signal jet
tends to shower in the direction of the other jet, while in
the background it showers mostly toward the beam. In
other words, the radiation on each end of a color dipole
is being pulled towards the other end of the dipole. This
should therefore show up in a dipole-type moment con-
structed from the radiation in or around the individual
jets. For dijet events, like those shown in Figure 2, one
could imagine constructing a global event shape from
which the moment could be extracted. However, a lo-
cal observable, constructed only out of particles within
the jet, has a number of immediate advantages. For one,
it will be a more general-purpose tool, applying to events
with any number of jets. It should also be easier to cali-
brate on data, since jets are generally better understood
experimentally than global event topologies. Therefore,
as a first attempt at a useful superstructure variable, we
construct an observable out of only the particles within
the jets themselves.
In constructing a jet moment, there are a number of

ways to weight the momentum, such as by energy or pT ,
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Overview - -
Substructure 
Variable(s)Property Performance 

Result
Search 
Result

Measurement 
Results

Color(flow)*

Charge*
W or Z*

W/Z or QCD

top or QCD

H or QCD
q or g

Jet Pull CMS-PAS-JME-14-002!
ATLAS-CONF-2014-048

CMS-PAS-EXO-12-055 !
(and others) arXiv:1506.05629

Jet Charge arXiv:1410.4227!
ATLAS-CONF-2013-086

ATLAS-CONF-2015-025!
(and others)

several

many

many

many

many

ATLAS-PERF-2015-02

arXiv:1410.4227!
ATLAS-PUB-2014-004 arXiv:1407.0800

CMS-PAS-EXO-12-055!
arXiv:1506.00962!

(and others)

arXiv:1506.01443!
arXiv:1506.00285!

(and others)

CMS-PAS-BTV-13-001 and update!
ATLAS-PUB-2014-013

CMS-PAS-JME-13-002!
arXiv:1405.6583

CMS-PAS-JME-13-007!
ATLAS-CONF-2013-084 ATLAS-CONF-2014-057

arXiv:1506.03062!
arXiv:1505.07018!

(and others)

CMS-PAS-EXO-12-055 !
(and others)

*Focus of this talk - no time to cover everything!

CMS ATLASBOTH

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsJME14002
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2014-048/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO12055
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2014-09/
https://cds.cern.ch/record/1955546/files/arXiv:1410.4227.pdf
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-086/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-025/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/PERF-2015-02/
https://cds.cern.ch/record/1955546/files/arXiv:1410.4227.pdf
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2014-004/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2012-21/
https://cds.cern.ch/record/2036044/files/EXO-12-055-pas.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2013-08/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-14-009/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2014-11/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsBTV13001
https://twiki.cern.ch/twiki/bin/view/CMSPublic/BoostedBTaggingPlots2014
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2014-013/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsJME13002
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/PERF-2013-02/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsJME13007
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-084/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2014-057/
http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-13-008/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2012-18/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO12055
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This note is organized as follows. Section 3 formally defines the jet pull angle and sets the notation190

and nomenclature. Section 4 describes all of the simulation and data samples. Section 5 details the object191

and event selection. Truth studies are shown in Section 6, data/MC control plots are in Section 7 and the192

analysis strategy is outlined in Section 8. Section 9 lists and describes all of the systematic uncertainties193

considered in the analysis. The results for the unfolded distribution and comparisons to beyond the SM194

leading order color flow models are in Section 10. Section 11 contains conclusions and future outlook.195

Following the conclusions are a series of appendices with additional studies related to both experimental196

and theoretical (modeling) considerations.197

3 Jet Pull Definition198

The pull vector for a given jet J is defined as199

X

i2J

pi
T |ri|
pJ

T
~ri, (1)

where the sum runs over constituents of the jet J and ~ri = (�yi,��i) with respect to the position of the jet200

axis in rapidity (y) - azimuthal angle (�) space. Given the pull vector for jet J1, a variable sensitive to the201

underlying color connections to another jet J2 is the angle the pull vector for J1 makes with respect to the202

vector connecting J1 and J2 in (�y,��) [15]. This is shown graphically in Fig. 1 and will be called the203

pull angle and denoted ✓P(J1, J2). The pull angle is symmetric around zero when it takes values between204

�⇡ and ⇡ and so henceforth, ✓P(J1, J2) refers to modulus of the angle in (�y,��) space with 0 < ✓P  ⇡.205

�y = y � yJ1

�� = � � �J1

J2

Legend
Pull (vector)(J1)

✓P Pull Angle
Constituent of J1 (size weighted by pT)

J1

✓P

Figure 1: For a jet J1 with a set of constituents (calorimeter clusters, tracks, stable generator particles, or
charged stable MC particles), one can compute the pull vector labeled as Pull (vector)(J1). The sensitive
variable is not the entire vector, but the angle, ✓P, that this vector makes with respect to another specified
jet J2. Since the pull vector is weighted by pT and �R (squared) to the jet axis, large angle soft radiation
can contribute just as much if not more than central hard constituents.

Reconstructed jets are clustered with the anti-kt algorithm [21] with radius parameter 0.4 from topo-206

logical calorimeter clusters [22], treated as massless particles. Clusters are calibrated using the local207

cluster weighting (LCW) algorithm [23], and jets are calibrated to account for a reconstruction bias as208

well as to mitigate the contribution from pileup [24]. To investigate jet pull angle properties in simula-209

tion without the distortions arising from detector resolution, truth jets are formed from the four-vectors210
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Colorflow with the Jet Pull - -

Jet Pull Angle (qp) = 
direction the radiation 

from one jet leans 
relative to another jet.

February 15, 2015 – 20 : 59 DRAFT 6

This note is organized as follows. Section 3 formally defines the jet pull angle and sets the notation160

and nomenclature. Section 4 describes all of the simulation and data samples. Section 5 details the object161

and event selection. Truth studies are shown in Section 6, data/MC control plots are in Section 7 and the162

analysis strategy is outlined in Section 8. Section 9 lists and describes all of the systematic uncertainties163

considered in the analysis. The results for the unfolded distribution and comparisons to beyond the SM164

leading order color flow models are in Section 10. Section 11 contains conclusions and future outlook.165

Following the conclusions are a series of appendices with additional studies related to both experimental166

and theoretical (modeling) considerations.167

3 Jet Pull Definition168

The pull vector for a given jet J is defined as169

X

i2J

pi
T |ri|
pJ

T
~ri, (1)

where the sum runs over constituents of the jet J and ~ri = (�yi,��i) with respect to the position of the jet170

axis in rapidity (y) - azimuthal angle (�) space. Given the pull vector for jet J1, a variable sensitive to the171

underlying color connections to another jet J2 is the angle the pull vector for J1 makes with respect to the172

vector connecting J1 and J2 in (�y,��) [15]. This is shown graphically in Fig. 1 and will be called the173

pull angle and denoted ✓P(J1, J2). The pull angle is symmetric around zero when it takes values between174

�⇡ and ⇡ and so henceforth, ✓P(J1, J2) refers to modulus of the angle in (�y,��) space with 0 < ✓P  ⇡.175

�y = y � yJ1

�� = � � �J1

J2

Legend
Pull (vector)(J1)

✓P Pull Angle
Constituent of J1 (size weighted by pT )

J1

✓P

Figure 1: For a jet J1 with a set of constituents (calorimeter clusters, tracks, stable generator particles, or
charged stable MC particles), one can compute the pull vector labeled as Pull (vector)(J1). The sensitive
variable is not the entire vector, but the angle, ✓P, that this vector makes with respect to another specified
jet J2. Since the pull vector is weighted by pT and �R (squared) to the jet axis, large angle soft radiation
can contribute just as much if not more than central hard constituents.

Reconstructed jets are clustered with the anti-kt algorithm [21] with radius parameter 0.4 from topo-176

logical calorimeter clusters [22], treated as massless particles. Clusters are calibrated using the local177

cluster weighting (LCW) algorithm [23], and jets are calibrated to account for a reconstruction bias as178

well as to mitigate the contribution from pileup [24]. To investigate jet pull angle properties in simula-179

tion without the distortions arising from detector resolution, truth jets are formed from the four-vectors180

ri = (Dyi,Dfi)

jet pull vector

schematic from 
arXiv:1506.05629
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qp ~ 0

qp ~ p

Last update: (12/2014 [CMS] and 6/2015 [ATLAS])

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsJME14002
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2014-048/
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Colorflow Tagging Performance - -

Similar results from ATLAS: !
CONF-2013-048 and 1506.05629

Can study the jet pull angle 
in top quark events where 

we expect non-trivial shapes 
for W jets and b-jets.

These shapes seem to be well 
re-produced by the simulation!

(tag-and-probing will come later!)

Last update: (12/2014 [CMS] and 6/2015 [ATLAS])

CMS-PAS-JME-14-002

February 15, 2015 – 20 : 59 DRAFT 22

Introduction � Jet Charge � Jet Pull� Conclusion

t

t̄

W

W

b

b̄

q

µ

q�

�µ

B1 J1

B2

J2

B. Nachman (SLAC) Charge and Pull Performance in ATLAS August 6, 2014 2 / 2

Figure 13: Schematic representation of the object selection. At least four jets are required: two b-tagged
jets B1, B2 and at least two non b-tagged jets, labelled J1, J2. The charged lepton is used to trigger and a
cut on the missing energy from the neutrino is used to purify the sample in tt̄ events.

Selection Data E�ciency Powheg Fullsim E�ciency
Skim+Slim 2.33e8 100% 1.50e7 100%

GRL 2.23e8 96% 1.50e7 100%
Detector Problems 2.23e8 100% 1.50e7 100%

Vertex 2.23e8 100% 1.50e7 100%
Muon Trigger 2.23e8 100% 3.53e6 100%
� 1 muon 1.08e8 49% 2.74e6 78%
= 1 muon 1.01e8 93% 2.62e6 96%

No electrons 1.01e8 100% 2.48e6 95%
No bad jets 6.68e7 66% 1.94e6 78%
� 2 jets 3.77e6 6% 1.80e6 92%
� 3 jets 1.01e6 31% 1.42e6 79%
� 4 jets 3.16e5 88% 8.40e5 59%
MET 2.78e5 96% 7.75e5 92%

MET+MT 2.57e5 92% 7.33e5 95%
� 1 b-jet 1.36e5 53% 6.32e5 86%
� 2 b-jets 5.77e5 43% 3.07e5 49%
� 2 non b-jets 5.49e4 95% 2.92e5 95%

Table 4: Cutflow for the muon channel in data. E�ciencies are computed with respect to the previous
cut. MC event counts are unweighted.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2014-09/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsJME14002
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2014-048/
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Colorflow Tagging for BSM Searches - -
Last update: (12/2014 [CMS])

CMS-PAS-EXO-12-055

Color flow is subtle, 
so needs to be 

combined in an MVA.

Tagger: 

V + MET search

2 3 Monte Carlo Simulation

few hundred Hz.

3 Monte Carlo Simulation
The signature of monojet and hadronic mono-V production is a large value of missing Emiss

T
recoiling against jets. The largest backgrounds are due to Z+jet production in which the Z
decays to neutrinos, and leptonically decaying W+jet production where the charged lepton
falls outside of the detector acceptance or fails the reconstruction criteria, thus producing real
Emiss

T .

Simulated events are used throughout the analysis to determine both the expected signal and
background contributions. Where possible, data-driven corrections are applied to the simula-
tion so that it more accurately describes the data. The Z+jets, W+jets, tt̄ and QCD background
Monte Carlo (MC) samples are produced using Madgraph [11] interfaced with Pythia6 [12] for
hadronization and fragmentation, where jets from the matrix element are matched to the par-
ton shower following the MLM matching prescription [13]. The single-top background sample
is generated with POWHEG [14], whereas diboson samples are produced directly with Pythia6.
All signal and background samples are processed using Geant4 [15], providing a full simula-
tion of the CMS detector. The MC samples are corrected to account for the distribution of the
number of additional (pileup or PU) interactions observed in 2012 dataset. Both signal and
background samples are additionally corrected to account for the mis-modelling of hadronic
recoil in simulation following the procedure described in [16].

The production of fermionic DM is considered via both spin-0 and spin-1 mediators. In the
vector/axial-vector mediator scenario, hard initial state radiation gives rise to the monojet
topology (Figure 1a), while the mono-V signature results from the associated production of
vector bosons (Figure 1b). The mono-V signature produced via a spin-1 mediator is modelled
as a Z0 boson [17], implemented in Madgraph [11], with either pure vector or pure axial-vector
couplings to SM and DM fermions, while for the monojet signature MCFM [18] is used.

(a) (b)

Figure 1: Diagrams for the monojet (a) and mono-V (b) processes with a spin-1 mediator.

MCFM is also used for the scalar and pseudoscalar models, shown in Figure 2. With this choice
of generator, the pT spectra are provided at leading order accuracy and with finite top mass,
which has a large effect on the spectrum [19]. The mono-V signature in the scalar mediator
model is generated as Higgs-strahlung (Figure 2b) with JHUgen [20], where the Higgs boson
mass is modified to match the scalar mediator mass. The predicted cross-section is scaled using
known next-to-next-to-leading order (NNLO) k-factors [21].

In the scalar/pseudoscalar scenario, yukawa couplings (gSM = gqmq/n, where n is the vacuum
expectation value) between the mediator and SM quarks are assumed, and it is assumed that

dijet mass
q/g tags

jet pull angle
mass dropdijet m/pT

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO12055
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Colorflow Tagging for an SM Measurement - -
Last update: (6/2015 [ATLAS])
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ATLAS has measured the 
pull angle in top events 

!
Quantified sensitivity of a 

dijet resonance color 
representation 

!
(in this case, a W boson)
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Singlet (SM)

Truth
Reco

Calorimeter-based

Singlet  
(SM)

Octet 
(BSM)

arXiv:1506.05629

Truth-level = particle-level = before detector simulation
Reco-level = detector-level = after detector simulation

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2014-09/
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- -Colorflow Tagging for an SM Measurement

Resolution is comparable 
 to the range

Nearly uniform 
 (but backgrounds are small!)

using  
tracks

using  
calorimeterRemove this 

before unfolding

Last update: (6/2015 [ATLAS])

→ ATLAS Colorflow in backup

arXiv:1506.05629

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2014-09/


1506.05629

Ev
en

ts
 / 

0.
00

15

0

20

40

60
310×
ATLAS

 -1 = 8 TeV, 20.3 fbs

    Correction
  Before Origin

Data Standard Model

tt Single Top
W+jets Fake Leptons
Z+jets Dibosons

)|1(JPAll Particles |v
0 0.005 0.01 0.015

   
   

 
D

at
a/

SM

0.8

1

1.2

Ev
en

ts
 / 

0.
00

15

0

20

40

60
310×
ATLAS

 -1 = 8 TeV, 20.3 fbs
Data Standard Model

tt Single Top
W+jets Fake Leptons
Z+jets Dibosons

)|1(JPAll Particles |v
0 0.005 0.01 0.015

   
   

 
D

at
a/

SM

0.8

1

1.2

9
Generic overview slide

Boosted Boson Type Tagging

Jet ETmiss

SLAC, Stanford University

March 26, 2014

Benjamin Nachman and Ariel Schartzman

B. Nachman (SLAC) Boosted Boson Type Tagging March 26, 2014 1 / 21

Boosted Boson Type Tagging

Jet ETmiss

SLAC, Stanford University

March 26, 2014

Benjamin Nachman and Ariel Schartzman

B. Nachman (SLAC) Boosted Boson Type Tagging March 26, 2014 1 / 21

- -Colorflow Tagging for an SM Measurement

There are severe subtleties in the 
measurement: e.g. what is the jet axis?

Jets are corrected to point to the primary vertex, but it is 
crucial that their constituents are also corrected!

Magnitude of the pull vector →

Last update: (6/2015 [ATLAS])

→ ATLAS Colorflow in backup

arXiv:1506.05629

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2014-09/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2014-09/
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- -Colorflow Tagging for an SM Measurement

Measurement Results
Can significantly (~3s) 
distinguish a singlet W 

from an octet W. 
!

Furthermore the 
unfolded data are 

public for future model 
comparisons.

N.B. track-based is 
more sensitive than 
calorimeter-based. (track-based)

Last update: (6/2015 [ATLAS])

→ ATLAS Colorflow in backup

arXiv:1506.05629

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2014-09/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2014-09/
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- -
Last update: (12/2014 [CMS] and 7/2015 [ATLAS])

Charge Tagging Performance

April 1, 2015 – 14 : 55 DRAFT 13

4.3 Jet Charge Definition242

There is no unique way to define the jet charge. The most naı̈ve construction is to add up the charge of243

all tracks associated to a jet. However, this scheme is very sensitive to fluctuations from extraneous and244

missing tracks. Therefore, a weighting scheme is introduced to suppress fluctuations. Using the tracks245

assigned by ghost association, the jet charge Q j of a jet j is calculated using a transverse-momentum-246

weighting scheme [1]:247

Q j =
1

(pT j)
X

i2Tr

qi ⇥ (pi
T ), (1)

where Tr is the set of tracks associated to jet j, qi is the charge (in units of the electron charge) determined248

from the curvature of track i with associated pi
T ,  is a free scaling parameter, and pT j is the transverse249

momentum of the (calorimeter) jet. In the denominator, calorimeter energy is used to determine pT in-250

stead of the sum of track momenta to account for the contribution from neutral particles. Other weighting251

schemes have been used in the literature, such as pseudorapidity weighting [17] (see Appendix A for a252

brief study of alternative definitions).253

Figure 5 shows the jet charge distribution in dijet events in a particular bin of jet pT and for two254

di↵erent values of . Generically, the jet charge distribution is well-described by a Gaussian in a fixed pT255

bin and so it is uniquely specified by its mean and width. The typical size of the jet charge is O(1) in units256

of the electron charge, but the distribution is determined by the flavor composition6 and the momentum257

weighting factor . The jet charge is not directly the quark charge, and in particular the shape can be258

changed by tuning the arbitrary parameter . The RMS increases with decreasing  because the jet pT in259

the denominator of Eq. 1 broadens. In other words, suppose you have a jet with one track of charge 1 and260

pT 1 GeV so that the numerator of the jet charge is 1. Then, if the jet has e.g. pT = 10 GeV, a  of 0.1261

corresponds to a jet charge of 0.8 while a  of 1.0 corresponds to a jet charge of 0.1 (so more compressed262

around 0). One last important observation from Fig. 5 is that the mean is much smaller than the width.263

This is generically true, even though this particular pT bin based on Fig. 1 is enriched in up quark jets. It264

is this fact (mean/standard deviation⌧ 1) that makes the jet charge an experimentally di�cult quantity265

to measure and use for charge tagging.266

6And directly by the pT , but we will discuss scale violation later in this note.

k is a regularization parameter - 
controls sensitivity to soft radiation.

In units of the positron charge [e]

Tr is the set of tracks 
associated with the jets

ATLAS: via ghost-association 
CMS: charged PF candidates

+ / - / neutral means shifted, 
but small compared to width!

ATLAS-CONF-2015-025
 e

ne
rg

y]
×

 q
 

Σ
 =

 
Σ

|/G
eV

) [
Σ

)lo
g(

|
Σ

sg
n(

-10

-5

0

5

10

Rapidity
-3 -2 -1 0 1 2

Az
im

ut
ha

l A
ng

le

0

1

2

3

4

5

6

q q → 1 →p p 
 (re)showered (10k times) with Pythia 8

Boosted Boson Type Tagging

Jet ETmiss

SLAC, Stanford University

March 26, 2014

Benjamin Nachman and Ariel Schartzman

B. Nachman (SLAC) Boosted Boson Type Tagging March 26, 2014 1 / 21

uu
_ k in 

[0.3,1.0]

https://cds.cern.ch/record/1955546/files/arXiv:1410.4227.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-025/
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Figure 9: Jet charge distributions in the tt control sample in simulation and data for W+ and
W� jets selected by requiring negatively and positively charge leptons, respectively. Simulated
distributions reflect the sum of tt (POWHEG interfaced with PYTHIA 6) and all other background
processes. Below each figure the relative deviations are plotted between data and simulations.
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Figure 10: Fraction of jets passing the mjet and t2/t1 selections in dijet data sample and simu-
lation as a function of (left) pT and (right) the number of reconstructed vertices. The data over
simulation ratio is shown for the combination of the mjet and t2/t1 selections.

Similar results from ATLAS: 
ATLAS-CONF-2013-086 and 

ATLAS-PERF-2014-002

JHEP12 (2014) 017
6.2 Mistagging rate measurement 15
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Figure 8: Pruned jet mass and t2/t1 distributions for the lepton+jets tt control sample for the
muon selection. Below each figure the relative deviations are plotted between data and simu-
lations.

the simulation.

6.2 Mistagging rate measurement

A dijet sample is used to measure the rate of false positive W tags, or mistags. The mistagging
rate is measured in data and compared to simulation. As discussed previously, the W tagger
selection requires 60 < mjet < 100 GeV and t2/t1 < 0.5. Figure 10 shows the fraction of jets
passing just the mjet requirement, as well as the simultaneous mjet and t2/t1 requirements, as
a function of pT and of the number of reconstructed vertices. Similarly as in the case of the
efficiency, the mistagging rate for the mjet and t2/t1 selections decreases as a function of pT.
The mistagging rate of only the mjet requirement in data is well reproduced by HERWIG++
and PYTHIA 8, while MADGRAPH+PYTHIA 6 underestimates it. When both the mjet and t2/t1
requirements are applied, the mistagging rate in data is reproduced better by PYTHIA 8 than by
MADGRAPH+PYTHIA 6 and HERWIG++. The pT dependence in data is well reproduced by all
generators.

As a function of pileup, the mistagging rate is stable within 1% for the mjet selection. The
mistagging rate for the combination of the mjet and t2/t1 selections drops as a function of
pileup as discussed in detail in Section 5.3. The PU dependence is well reproduced by the
simulation.

6.3 Efficiency scale factors and mass scale/resolution measurement

The tt control sample is used to extract data-to-simulation scale factors for the W jet efficiency.
These factors are meant to correct the description of the W-tagging efficiency in the simulation.
They depend on the definition of the W-tagger as well as the MC generator used for simula-
tion. We demonstrate the extraction of data-to-simulation scale factors for a simple selection
on t2/t1 < 0.5, and jet mass scale, and resolution based on a simulation using POWHEG inter-
faced with PYTHIA 6. We are concerned only with the efficiency for the pure W jet signal, and
must therefore subtract background contributions to measure the scale factors. The pruned jet
mass distribution is used to discriminate the pure W jet signal from background contributions.
The generated W boson in the tt simulation provides a model of the contribution from the W
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- -Charge Tagging Performance

Tag-and-probe

Tag the charge of W → ln 
and then probe the 

charge of W → jj in top 
quark pair production.

Significant difference 
between W+ and W-, 
though subtle; well-
reproduced by the 

simulation.

Last update: (12/2014 [CMS] and 7/2015 [ATLAS])

https://cds.cern.ch/record/1955546/files/arXiv:1410.4227.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-025/
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Charge Tagging a SM Measurement - -

ATLAS has measured the 
jet charge in dijet events.

Furthermore, there have 
been recent calculations 

which we can put to the test!

Non-trivial change in 
the mean jet charge as 

a function of pT 
because the up-quark 
jet fraction increases.

Last update: (7/2015 [ATLAS])

ATLAS-CONF-2015-025

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-025/
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- -Charge Tagging a SM Measurement

Unfold to facilitate 
model/calculation 

comparisons.

Increases due to 
more up-quark jets

Last update: (7/2015 [ATLAS])

→ ATLAS Jet Charge in backup

ATLAS-CONF-2015-025

Resolution 
degrades at high pT

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-025/
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- -Charge Tagging a SM Measurement
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Hadronic  
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Track  
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the merging is to look at the charged-energy fraction.

≲10% difference

Last update: (7/2015 [ATLAS])

→ ATLAS Jet Charge in backup

ATLAS-CONF-2015-025
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- -Charge Tagging a SM Measurement

Measurement Results

-Systematically lower 
mean in the simulation

-Significant variation with 
PDF, CTEQ6L1 best 

description of the data

-Sensitive to amount of 
radiation in the shower 

(depends on k)

Last update: (7/2015 [ATLAS])

→ ATLAS Jet Charge in backup

ATLAS-CONF-2015-025

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2014-09/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-025/
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Last update: (7/2015 [ATLAS])

→ ATLAS Jet Charge in backup
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Charge Tagging a SM Measurement

Can exploit the h-dependence 
of the flavor fractions to extract 

the up- and down-quark jet 
charge in each pT bin.

Question: accounting for PDFs, 
does jet charge depend on pT?  

(recent theory calculation: yes!)
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7.2.3 Scale Violation - Extraction from the Data862

We cannot measure the jet charge of individual quark flavours, so we must take the flavour fractions per863

pT bin from the MC (from Fig. 66). The formula per quark flavour was derived in the previous section:864

pT

hQi
d

dpT
hQi = c, (33)

where c is the scale violation parameter given in Eq. 32 for various values of . The solution is given by865

Q = ↵pc
T , (34)

where ↵ is some constant of integration. Since c ⌧ 1, we can ignore the O(c2) terms in the Taylor866

expansion:867

Q(pT ) = Q̄(1 + c log(pT/ p̄T )) + O(c2), (35)

where Q̄ = Q( p̄T ) for some fixed (but arbitrary) pT pT,0. Therefore, for each pT bin i, we have the868

following model of the average jet charge869

hQii ⇡
X

f

↵ f ,iQ̄ f (1 + c f log(pT,i/p̄T )), (36)

where ↵ f ,i is the fraction of flavour f in bin i, Q̄ f is the average jet charge of flavour f , c f is a scale870

violation parameter (dimensionless), and p̄T is a fixed energy.871

Fitting the model in Eq. 36 directly to the data is not practical because there are three parameters872

(if c f = c for all f as in the prediction) and only 10 pT bins, some of which have very little sensitivity873

due to low fractions ↵ or large uncertainties on hQii. One way around this is to extract Q̄ f in one bin874

of pT (and call this p̄T ) as described in Sec. 7.2.1, and then Eq. 36 is highly constrained and has only875

one parameter for which each other bin of pT gives an estimate. Figure 68 shows the extracted value876

c for each bin of pT after extracting Q̄up and Q̄down from the pT bin 600 GeV < pT < 800 GeV (in877

particular this bin cannot be further used to extract c). Both the more forward and more central jet878

can be used to extract the scale violating parameter. The predicted value of c < 0 and dc()/d < 0.879

The results in Fig. 68 are tabulated by performing a �2 across bins, taking the sum in quadrature of the880

statistical uncertainty and the systematic uncertainty as the denominator for each term in the �2. The881

systematic uncertainties are propagated through the �2 procedure treated as fully correlated between882

bins and the statistical uncertainty is treated coherently by bootstrapping. Figure 69 shows the result of883

the �2 combination procedure and compares the values to the theory predictions. The data support the884

prediction that c < 0.885
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Boson type tagging performance - -
Last update: (7/2015 [ATLAS])

Another use for jet charge (and jet mass and b-tagging):  
Distinguishing W bosons from Z bosons
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- -Boson type tagging performance

Rejection of ~10 at 
50% Z efficiency

Potential uses

WZ/WW cross 
section

Classifying diboson 
resonances

Flavor-changing-
neutral currents

Last update: (7/2015 [ATLAS])
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So far, focused on discriminating particles of the same type 
(boson versus boson, quark versus quark)

When a heavy particle (W/Z/h/t) is boosted, jet substructure 
can improve over standard resolved techniques.
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Tagging: W/Z/h/t versus quark/gluon jets - -

Boosted !
Bosons

Quarks 
and 

Gluons

ATLAS-CONF-2014-018

A lot of dedicated work to distinguish W/Z/h/t from  
quark/gluon jets.  Just enough time to flash results.



18 6 Performance in data and systematic uncertainties
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Figure 11: Pruned jet mass distribution in the tt control sample that (left column) pass and
(right column) fail the t2/t1 < 0.5 selection for the (upper row) muon, and for the (lower row)
electron channels. The result of the fit to data and simulation are shown, respectively, by the
solid and long-dashed line and the background components of the fit are shown as dashed-
dotted and short-dashed line.

5.2 Comparison of algorithms 9

5.2 Comparison of algorithms

We compare the performance of observables used to identify W jets with the goal of establish-
ing which provides the best signal-to-background discrimination between W jets and QCD jets.
Because the pruned jet mass is the best discriminant, we examine the other variables only for
jets satisfying 60 < mjet < 100 GeV. Observables highly correlated with the pruned jet mass
will therefore show weaker additional improvement in performance.

The figure of merit for comparing different substructure observables is the background rejec-
tion efficiency as a function of signal efficiency (“receiver operating characteristic”, or the ROC
curve). Figure 3 shows the performance of the observables in the W+jet final state for jet pT
250–350 GeV. The pruned jet mass selection is applied in both the numerator and the denomi-
nator of the efficiency, and only the additional discrimination power of the other observables is
therefore shown in the figure. The performance of the t2/t1, pruned t2/t1, exclusive-kT t2/t1,
GQjet, Cb

2 , mass drop, and jet charge are compared. For the jet charge ROC curve, a positively
charged lepton is required in the event selection, and therefore the discrimination power of
negatively charged W jets against QCD jets is compared. We find that the best performant vari-
able is t2/t1 up to an efficiency of 75%. Above an efficiency of 75%, GQjet is the best variable.
The pruned t2/t1 is slightly worse than the default t2/t1. The performance of the t2/t1 with-
out optimization of the axes is worse than the t2/t1 variants with a ”one-pass” optimization.
The worst performing variables are the mass drop, C2(b = 1.7), and the jet charge. We also
find that the discrimination power between W+ jets and W� jets varies by less than 10% for
values of the k parameter in Eq. 4 between 0.3 and 1.0.
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Figure 3: Performance of several discriminants in the background-signal efficiency plane in the
low jet pT bin of 250–350 GeV in the W+jet topology. The efficiencies and mistagging rates of
the various discriminants are estimated on samples of W jets and QCD jets that satisfy a pruned
jet mass selection of 60 < mjet < 100 GeV.

In addition to the performance of individual variables, we study how their combination can
improve the separation between W and QCD jets. A multivariate optimization is performed
using the TMVA package [58]. A combination of observables is considered in a naive Bayes
classifier and in a Multilayer Perceptron (MLP) neural network discriminant. Additional ob-
servables with respect to those shown in Fig. 3 are used in an attempt to increase the discrim-
ination power. The variables used in both discriminants are the mass drop, GQjet, t2/t1, Cb

2 ,
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Last update: (12/2014 [CMS] and 3/2014 [ATLAS])

W Tagging Performance 
Both ATLAS and CMS have conducted extensive 

studies of W tagging optimization

CMS has further measured the tagger efficiency in 
boosted W bosons from top quark events.

arXiv:1410.4227

https://cds.cern.ch/record/1955546/files/arXiv:1410.4227.pdf
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2014-004/


Many uses of tagging boosted 
bosons for searches; e.g. the 

ATLAS diboson resonance search.
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Last update: (7/2015 [CMS] and 6/2015 [ATLAS])

W Tagging in Action 

Stay tuned for Run II!

Hadronic W+jets 
in the data!

Tagger: subjet 
momentum 
balance, jet 

mass, and ntrack

C/A R=1.2 
split-filtered

arXiv:1506.00962

1.5 2 2.5 3 3.5

Ev
en

ts
 / 

10
0 

G
eV

3−10

2−10

1−10

1

10

210

310

410
Data
Background model

 = 1PIM, k/RS1.5 TeV Bulk G
 = 1PIM, k/RS2.0 TeV Bulk G

Significance (stat)
Significance (stat + syst)

ATLAS
-1 = 8 TeV, 20.3 fbs

ZZ Selection

 [TeV]jjm
1.5 2 2.5 3 3.5

Si
gn

ifi
ca

nc
e

2−
1−
0
1
2
3

https://cds.cern.ch/record/2036044/files/EXO-12-055-pas.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2013-08/


)2 (GeV/cjetm
100 150 200 250 300 350

Ev
en

ts

0

20

40

60

80

100 Data

tSemi-Leptonic t

tFully-Leptonic t

W+Jets

Z+Jets

Singletop

-1 = 8 TeV, 19.7 fbsCMS Preliminary 
CMS Top Tagger
Madgraph

|<2.4ηCA R=0.8 |
>400 GeV/c

T
p

23
Generic overview slide

Boosted Boson Type Tagging

Jet ETmiss

SLAC, Stanford University

March 26, 2014

Benjamin Nachman and Ariel Schartzman

B. Nachman (SLAC) Boosted Boson Type Tagging March 26, 2014 1 / 21

Boosted Boson Type Tagging

Jet ETmiss

SLAC, Stanford University

March 26, 2014

Benjamin Nachman and Ariel Schartzman

B. Nachman (SLAC) Boosted Boson Type Tagging March 26, 2014 1 / 21

- -
Last update: (1/2014 [CMS] and 08/2013 [ATLAS])
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Figure 1. Top row: top tagging performance in ATLAS using trimmed anti-kt R=1.0 jets and
Cambridge-Aachen R=1.2 jets (for the HEPTopTagger), pT (jet)> 550 GeV [11]. Bottom row:
top tagging performance in CMS using R=1.5, pT (matched parton)> 200 GeV jets (left) and
R=0.8, pT (matched parton)> 600 GeV jets (right) [7].
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There are more handles for top tagging due to its three-prong 
structure which includes b-quarks (subjet b-tagging!).

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsJME13007
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-084/
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Last update: (6/2015 [CMS] and 5/2015 [ATLAS])
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arXiv:1505.07018

http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-13-008/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2012-18/
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Last update: (11/2014 [CMS] and 9/2014 [ATLAS])
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Last update: (12/2014 [CMS] and 6/2015 [ATLAS])

Higgs Tagging in Action 

BoostedResolved

Tagger: trimmed jet mass and (R=0.3) track-jet b-tagging

track jets are the ATLAS approach to a calo jet-
independent and b-hadron direction correlated algorithm

HH → bbbb
__

arXiv:1506.00285

http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-14-009/
http://arxiv.org/pdf/1506.00285v1.pdf
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Outlook - -
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May 27, 2015 – 17 : 55 DRAFT 7

This note is organized as follows. Section 3 formally defines the jet pull angle and sets the notation190

and nomenclature. Section 4 describes all of the simulation and data samples. Section 5 details the object191

and event selection. Truth studies are shown in Section 6, data/MC control plots are in Section 7 and the192

analysis strategy is outlined in Section 8. Section 9 lists and describes all of the systematic uncertainties193

considered in the analysis. The results for the unfolded distribution and comparisons to beyond the SM194

leading order color flow models are in Section 10. Section 11 contains conclusions and future outlook.195

Following the conclusions are a series of appendices with additional studies related to both experimental196

and theoretical (modeling) considerations.197

3 Jet Pull Definition198

The pull vector for a given jet J is defined as199

X

i2J

pi
T |ri|
pJ

T
~ri, (1)

where the sum runs over constituents of the jet J and ~ri = (�yi,��i) with respect to the position of the jet200

axis in rapidity (y) - azimuthal angle (�) space. Given the pull vector for jet J1, a variable sensitive to the201

underlying color connections to another jet J2 is the angle the pull vector for J1 makes with respect to the202

vector connecting J1 and J2 in (�y,��) [15]. This is shown graphically in Fig. 1 and will be called the203

pull angle and denoted ✓P(J1, J2). The pull angle is symmetric around zero when it takes values between204

�⇡ and ⇡ and so henceforth, ✓P(J1, J2) refers to modulus of the angle in (�y,��) space with 0 < ✓P  ⇡.205

�y = y � yJ1

�� = � � �J1

J2

Legend
Pull (vector)(J1)

✓P Pull Angle
Constituent of J1 (size weighted by pT)

J1

✓P

Figure 1: For a jet J1 with a set of constituents (calorimeter clusters, tracks, stable generator particles, or
charged stable MC particles), one can compute the pull vector labeled as Pull (vector)(J1). The sensitive
variable is not the entire vector, but the angle, ✓P, that this vector makes with respect to another specified
jet J2. Since the pull vector is weighted by pT and �R (squared) to the jet axis, large angle soft radiation
can contribute just as much if not more than central hard constituents.

Reconstructed jets are clustered with the anti-kt algorithm [21] with radius parameter 0.4 from topo-206

logical calorimeter clusters [22], treated as massless particles. Clusters are calibrated using the local207

cluster weighting (LCW) algorithm [23], and jets are calibrated to account for a reconstruction bias as208

well as to mitigate the contribution from pileup [24]. To investigate jet pull angle properties in simula-209

tion without the distortions arising from detector resolution, truth jets are formed from the four-vectors210

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2014-09/
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Process Number of Events

t¯t 95400 ± 14000

Wt–channel single top 2730 ± 600

s– and t–channel single top 150 ± 10

W+jets 3710 ± 120

Z+jets 560 ± 270

Dibosons 190 ± 40

Multijets 2500 ± 910

Total SM 105000 ± 14000

Data 102987

Process Generator Type Version PDF Tune

tt̄
Powheg [17,18,19] NLO ME - CT10 [20,21] -

+Pythia [22] + PS 6.426.2 CTEQ6L1 [23] Perugia2011c [24]

Single top
Powheg NLO ME CT10(4f) -
+Pythia + PS 6.426.2 CTEQ6L1 Perugia2011c

WW,WZ,ZZ Sherpa [25] LO multi–leg ME + PS 1.4.1 CT10 Default

W/Z+jets
Alpgen [26] LO multi–leg ME 2.1.4 CTEQ6L1 -
+Pythia + PS 6.426.2 CTEQ6L1 Perugia2011c

tt̄ †
Powheg NLO ME - CT10 -

+Herwig [27] + PS 6.520.2 CT10 AUET2 [28]
+Jimmy [29] (MPI) 4.31 - -

tt̄ †
MC@NLO[30,31] NLO ME 4.06 CT10 -

+Herwig + PS 6.520.2 CT10 AUET2
+Jimmy (MPI) 4.31 - -
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�✓allp [%]
✓allp [rad]/⇡

0.0 - 0.275 0.275 - 0.6375 0.6375 - 1.0

Shower, fragmentation & hadronisation 1.66 0.91 0.60
tt̄ NLO generator 1.48 0.55 0.82
Colour model 1.26 1.68 0.62
ISR/FSR 1.18 0.58 0.50

Non–closure 0.47 0.06 0.38
Clusters 0.46 0.67 0.73

Colour reconnection 0.44 0.42 0.88
JES 0.38 0.19 0.40
Other 0.36 0.10 0.39
JER 0.27 0.02 0.23
MPI 0.11 0.06 0.04

Stats. 1.12 0.63 1.12
Total 3.19 2.32 2.18
mt 0.28 0.07 0.20
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�✓chargedp [%]
✓chargedp [rad]/⇡

0.0 - 0.2 0.2 - 0.5 0.5 - 0.8 0.8 - 1.0

Colour model 1.04 0.17 0.49 0.24
tt̄ NLO generator 0.93 0.21 0.07 1.56

Non–closure 0.61 0.58 0.32 1.19
MPI 0.58 0.24 0.44 0.36

Shower, fragmentation & hadronisation 0.56 0.29 0.55 0.63
Colour reconnection 0.41 0.24 0.22 0.22

ISR/FSR 0.24 0.04 0.01 0.37
JES 0.23 0.14 0.16 0.00
Other 0.19 0.15 0.14 0.00
Tracks 0.16 0.14 0.08 0.00
JER 0.10 0.13 0.13 0.54

Stats. 0.68 0.51 0.54 0.77
Total 1.94 0.97 1.12 2.35
mt 0.02 0.00 0.15 0.25
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Trigger threshold [GeV] O✏ine Selection [GeV] Luminosity [fb�1]

25 [50,100] 7.84⇥10�5

55 [100, 136] 4.42⇥10�4

80 [136, 190] 2.32⇥10�3

110 [190, 200] 9.81⇥10�3

145 [200, 225] 3.63⇥10�2

180 [225, 250] 7.88⇥10�2

220 [250, 300] 2.61⇥10�1

280 [300, 400] 1.16
360 � 400 20.3
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Average Jet Charge Jet pT Range [100 GeV]
Systematic

Uncertainty [%]
[0.5,1] [1,2] [2,3] [3,4] [4,5] [5,6] [6,8] [8,10] [10,12] [12,15]

Correction Factors 23 0.9 0.8 1.0 0.3 0.6 0.1 0.3 0.2 0.1
Total JES 8.8 3.8 0.9 0.8 1.1 1.1 0.7 0.7 0.4 0.9

JER 6.8 2.3 0.7 0.7 0.3 0.3 0.1 0.1 0.1 0.3
Charged Energy Loss 0.0 0.0 0.0 0.0 1.7 1.5 1.5 1.5 1.6 3.6
Track Multiplicity 1.5 0.1 0.6 1.1 0.8 0.6 1.2 1.4 2.1 2.9
Other Tracking 3.6 0.4 0.9 0.7 0.6 1.5 1.2 1.6 1.7 1.9

Unfolding Procedure 28 2.4 0.3 0.2 0.2 0.3 1.1 1.0 1.6 0.6

Total Systematic 38 5.1 1.8 2.0 2.4 2.6 2.6 2.9 3.6 5.1
Data Statistics 28 7.4 1.4 0.7 0.3 0.6 0.9 2.0 4.2 7.0
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Standard Deviation Jet pT Range [100 GeV]
Systematic

Uncertainty [%]
[0.5,1] [1,2] [2,3] [3,4] [4,5] [5,6] [6,8] [8,10] [10,12] [12,15]

Correction Factors 0.9 0.1 0.0 0.1 0.0 0.1 0.0 0.0 0.0 0.0
Total JES 1.9 1.5 1.1 1.1 0.9 1.0 0.8 0.7 0.5 0.5

JER 1.3 0.3 0.1 0.2 0.3 0.4 0.2 0.2 0.2 0.2
Charged Energy Loss 0.0 0.0 0.0 0.0 0.2 0.3 0.3 0.3 0.4 1.1
Track Multiplicity 0.2 0.3 0.2 0.1 0.0 0.1 0.2 0.2 0.3 0.2
Other Tracking 0.3 0.4 0.5 0.5 0.6 0.6 0.7 0.7 0.7 0.6

Unfolding Procedure 1.9 0.4 0.0 0.1 0.2 0.0 0.1 0.3 0.4 1.7

Total Systematic 3.1 1.6 1.2 1.2 1.2 1.3 1.1 1.1 1.0 2.1
Data Statistics 0.9 0.3 0.1 0.1 0.0 0.1 0.1 0.3 0.6 1.0
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