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Introduction

Of the all the Standard Model particles, quarks carry the most (non-trivial)
quantum numbers; none of these properties are directly observable.

!

u

d̄

2/3e

1/3e

p

π+

p̄

π−

π+

However, some information is passed to the final state. Two handles on
quark properties: Jet Charge [Part I of this talk] and Jet Pull [Part II].
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Part I: Jet Charge

• For a jet j with transverse momentum (pT )j , let Tr be the set of
ghost associated tracks.

• Each track i in Tr has momentum pi
T and charge qi .

For a weighting factor κ ∈ R, define the jet charge:

Q =
1

(pT j)
κ

∑

i∈Tr

qi × (pi
T )κ (1)

• This is not the only way charge has been defined in the past - there
are variants of the denominator and the track momentum.
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Jet Charge in ATLAS

Detailed performance study on boson/quark charge tagging, detector resolution effects, and

data/MC was prepared for BOOST2013: see ATLAS-CONF-2013-086. Some highlights:

Reconstructed Jet Charge (e)

E
ve

nt
s/

0.
07

e

0

100

200

300

400

500

600

700 ATLAS Preliminary

-1 L dt = 5.8 fb∫ = 8 TeV, s

=1.0κ
 Data 2012+µ

 Data 2012-µ

t MC@NLO t+µ

t MC@NLO t-µ
 Background (MC)+µ

 Background (MC)-µ

Jet Charge [e]

-1 0 1

D
at

a/
M

C

0

1

2

W charge
tagging

Dijet Mass [GeV]

D
ije

t C
ha

rg
e 

[e
]

-0.05

0

0.05

0.1

0.15

0.2

0.25

0.3
ATLAS Preliminary

-1 L dt = 5.8 fb∫ = 8 TeV, s

=1.0κ
=0.3κ

Pythia Dijets

Data

Dijet Mass [GeV]

0 500 1000 1500

D
at

a/
M

C

0

1

2

Scale Evolution

 [GeV]
T

Leading Jet p

200 400 600 800 1000

R
M

S
 o

f J
et

 C
ha

rg
e 

R
es

po
ns

e

0

0.1

0.2

0.3

0.4

0.5

0.6
ATLAS Simulation

Preliminary

 = 8 TeVs=1.0   κ

Pythia Dijets

 > 10trackn

 < 10track5 < n

Response
=Qtruth-Qreco

Many more results and discussion in the conference note.
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Jet Charge in ATLAS: New Developments

Three outstanding performance points to be addressed today:
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What is the optimal κ value?
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[Optimal in the sense of

quark-charge tagging]

Is it still possible to do

boson charge tagging at

high pT? How is jet charge

impacted by boost?
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Track Thresholds

As pileup multiplicity increases, it is important to study the impact of the
tracking minimum pT threshold on our track-based variables.
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For both κ values, there is a big increase in the RMS which persists for
large pT for κ = 0.3 which gives a higher weight to lower pT tracks.
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Understanding Thresholds: Partial Charge Qn

The partial jet charge Qn uses only the n leading tracks.
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We see the convergence of jet charge with n, which allows us to
understand the degradation of performance on the previous slide.
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Optimal Momentum Weighting Factor

In previous studies, values of 0.3, 0.6, 1.0 were used.

• Are these optimal?
• How does the optimal performance depend on pT ?

N.B. jet flavor is the identify of the highest energy parton in a ∆R cone.
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Optimal Momentum Weighting and pT

This summarizes the content of the previous slide for many pT bins.
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Takeaway: For a fixed positive charge efficiency, the optimal κ value
(∼ 0.4) and the maximum negative charge rejection vary little.
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Jet Charge and Lorentz Boosts

Jet Charge is not Lorentz invariant.
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Takeaway: for a fixed event, charge can be wildly varied by picking a
particular boost.

One can define a Lorentz invariant jet charge in one of several ways – only
relevant for boson charge tagging. More details in the backup.
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Reminder

Of the all the Standard Model particles, quarks carry the most (non-trivial)
quantum numbers; none of these properties are directly observable.

!

u
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2/3e
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However, some information is passed to the final state. Two handles on
quark properties: Jet Charge [Part I of this talk] and Jet Pull [Part II].
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Part II: Jet Pull

Jets: Calculate pull of
J1 with respect to J2

Jet constituents:
calorimeter clusters,
(ghost associated)
tracks, or stable

particles (truth jets)

~ri = (∆yi ,∆φi ) with
respect to the jet

position.

Pull (Vector)

=
∑

i∈jet
piT |ri |
pjet
T

~ri

y

φ

J1

C1

C2

Current state of
the field in the backup.
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This variable has been shown to

be sensitive to the event color flow.

θP

θP(J1, J2) = Pull Angle
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Model System for Pull Performance: tt̄

Truth pull distributions different for b-jets (Bi ) and W daughter jets (Ji ).
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pT > 25 GeV required for b and W jets; Lower pT b (W ) jet shown with a dashed line

b-hadrons (∆R < 0.3)

used for b-tagging

min |mjj − 80| < 30

from non b-tagged jets

This is a performance study–these distributions provide model systems for
studying detector effects and jet tagging properties.
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Detector Effects: Jet Pull Response

Response = Reconstructed pull angle - Truth pull angle

Charged pull: use tracks (charged stable particles) for reco (truth) jets
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Tradeoff: More information (calo pull) versus better response (track pull).
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Differential Pull Angle Response: bins of ∆R

Event kinematics can impact the pull angle distributions and can also
affect the response.
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Not a strong dependence on pT for fixed ∆R; pT binning in the backup.
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Track-based Pull Angle Response

We can systematically remove angular resolution by replacing tracks with
corresponding truth quantities.
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Removing the angular resolution of the constituent particles for B1

completely restores the shape.

• Angular resolution pushes the pull toward π/2 since 0 ≤ θP ≤ π.
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Jet Pull as a Jet Tagger

The pull distribution is different for θP(J,B) and θP(J, J) – we can use
this to identify the tt̄ topology.
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Binning in ∆R or pT , we also can explore the pull distribution with event
kinematics effects removed.
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Jet Pull-based Jet Tagger Performance
Tagging performance is strongly dependent on the dijet pT (∆R bins in backup).
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Introduction→ Jet Charge→Jet Pull → Conclusion Overview→ Response→ Tagging→ Data/MC

Data/MC for Calorimeter Pull

Same selection from the Jet Charge CONF note.

• Details of the selection are in the backup. The only modification is
that pT > 50 GeV for each jet.
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• The MC models the data well. In particular, the general shapes are
present in both distributions.
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Introduction→ Jet Charge→Jet Pull → Conclusion Overview→ Response→ Tagging→ Data/MC

Data/MC for Track-based Pull

As predicted, the size of the shape for the W jets is less than for the b
jets, which show a characteristic resolution peak at π/2.
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Introduction→ Jet Charge→Jet Pull→ Conclusion

Conclusions and Outlook

Jet Pull and Jet Charge are
promising tools for various applications.

• Their detector response is understood
and it seems well modeled by the MC.

• Both jet pull and jet charge can be used
to tag individual objects and topologies.

• Stay tuned for forthcoming
documentation on both of these topics.
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Backup: Table of Contents

Jet Charge

History

Previous uses in ATLAS

CMS

Background Composition

Heavy Flavor Jet Charge

Boosted environments

W Boson Charge Tagging

Quark charge tagging

Performance

Common Content

The ATLAS Detector

Data and MC Samples

Reco Event Selection

Jet Pull

History

Jet Pull as a jet tagger: pT binning

Calorimeter Pull Resolution

B. Nachman (SLAC) Charge and Pull Performance in ATLAS January 30, 2014 2 / 50



Sum of jet charges from W daughters in tt̄ TOC

Reconstructed Jet Charge (e)
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N.B: Jet charge is measured in units [e]
of the (anti)electron charge.

• For a µ± event, we expect the
hadronic W to be W∓.

• MC prediction shows that the
sample is pure (> 90% tt̄).

→ (MC) composition in backup

• MC agrees well with the data;
normalizing by cross section.

• Gray band includes JES,
JER, tracking efficiency, and
tt̄ cross section (6%).

!

W

The dijet charge

is the sum of the

jet charges of the

W daughter jets.

B. Nachman (SLAC) Charge and Pull Performance in ATLAS January 30, 2014 3 / 50



Performance of jet charge in tagging the W charge TOC
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• Rejection is the inverse of efficiency.

• Discriminating power largely
independent of κ, which is seen in
both data and MC.
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Combinatorics in W charge tagging TOC

There is some degradation in performance due to combinatorics; the W
daughters did not always come from the true W .
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• This effect will be present in both
data and MC.

• However, we can estimate how we
might perform given a more pure
selection.

• Compute the ROC curve for
various jet multiplicities. For
exactly four jets (2 b-tagged) the
sample purity is higher.

• For example, at 50% efficiency,
this could be a 20% effect on the
rejection.
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Applications of Jet Charge in tt̄: Boosted TOC

When pWhadronic
T ∼ 2mW its daughters can merge, obscuring the resolved

R = 0.4 jets.

! • There are many ways to define jet
charge in such a topology

• Continue using the R = 0.4 jets
• Ghost associate to large R(∼ 1) jets
• Utilize jet grooming to remove pileup
• Compute charge using subjets
• For the weight, use the fat jet pT

• (· · · )
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Applications of Jet Charge in tt̄: Boosted κ = 1.0 TOC

Jet Charge [e]
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)
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• Fat charge more peaked
than for subjets, in part due
to 1/p + 1/q > 1/(p + q)

• Require the true W hadronic

pT > 200 GeV for boosted topology

• With this pT , expect R = 1.0 to
capture W decay

Three Charge Definitions

1 Ghost associate tracks to the
Anti-kt R = 1.0 jet

2 Trim the jet (with ghosts) using a
pT frac of 0.05 and R = 0.4 subjets

• Remaining ghosts determine
associated tracks

3 Use the leading subjets from (2)
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Applications of Jet Charge in tt̄: Boosted κ = 0.3 TOC

Jet Charge [e]
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• The distributions look similar
(but stretched horizontally) for
a smaller κ.

• Note that there is essentially no
difference between trimmed and
ungrommed charge:

• The tracks removed in
trimming carry a small
momentum fraction of the jet,
so charge is not affected.
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Applications of Jet Charge in tt̄: Boosted ROC TOC

Positively Charged W Efficiency
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• κ = 1 [slide 15] on the left and κ = 0.3 on the right [slide 16].
• Performance in trimmed and ungroomed is the same; slightly worse

for subjet dijet charge.
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Jet Charge in Fully Hadronic Events TOC

• Even when the leading order parton charge cannot be tagged with
leptons, one can use jet charge to probe the charge evolution.
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Applications of Jet Charge in tt̄: Topology TOC

In many analyses, one needs to reconstruct the entire tt̄ event topology.

• W boson system (if hadronic).
• Matching objects to the branch (top or anti-top) of the decay.
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• For instance, we can use jet charge to help match b jets to the correct
side of the decay (right plot shows 50% efficiency for 6 in rejection).

B. Nachman (SLAC) Charge and Pull Performance in ATLAS January 30, 2014 11 / 50



Jet Charge in QCD Dijets TOC
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• The increase is due to the larger up
valence component in the PDF.

• Theoretical calculations of the
evolution of the charge with scale
are now available.
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Application: Jet Charge for q/g Discrimination TOC
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• It is possible to use jet charge
for q/g and double b taggers.

• On its own, charge is not
competitive, but may be useful
as an additional input to a
multivariable discriminate.
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Jet Charge Performance TOC

Taking a step back from physics applications of jet charge, we have
studied the jet charge detector response.

Response = Reconstructed jet charge - Truth jet charge

Truth jet: run the clustering algorithm with stable truth level particles.
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• As desired, the response is
rather flat with the momentum.

• There is some residual slope
from merged and missing tracks
that lead to a jet charge with
lower magnitude. Since the
charge also increases with
energy, this leads to a decrease
in the average response.
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Jet Charge Response Versus Momentum TOC
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• As one expects, the RMS

increases with momentum as
straighter tracks lead to worse
momentum resolution.

• Jets with more associated tracks
have a lower response RMS due
to averaging over more tracks in
the defining sum for jet charge.

B. Nachman (SLAC) Charge and Pull Performance in ATLAS January 30, 2014 15 / 50



Jet Charge Response Versus Track Multiplicity TOC
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• No noticeable trend in the
average response with track
multiplicity.

• The average gives a sense of the
bias, but the RMS gives a sense
of the resolution (next slide).
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Jet Charge Response Versus Track Multiplicity II TOC

Track Multiplicity
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Distributions

• As observed earlier, the response
RMS decreases with the number
of associated tracks.

• With straighter tracks at high
momentum, the resolution
degrades from green to blue.

• The inset also shows that there
is a strong correlation between
the momentum and the track
multiplicity.
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Pileup

As a (mostly) track-based variable, we would expect the jet charge to be
insensitive to pileup.
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• Our expectation is mostly true. At low pT , there is some dependance,
which we understand due to the calorimeter based pT in the
definition of the jet charge.
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Track pT Threshold TOC
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• Of all the track requirements,
the only one we may expect to
have an appreciable affect on
the jet charge is the pT

threshold (500 MeV).

• However, there seems to be no
effect for small changes in the
threshold.

• The tracks removed by the
threshold carry a small
momentum fraction of the jet,
so charge is not affected.
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52 R.D. FieM, R.P. Feynman / A parameterization of the properties of quark ]ets 
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Fig. 21. Same as fig. 20 but  where the power p is taken to be 0.5. d-quark, (Qw) = - 0 . 1 5 ,  
u-quark,  (Qw) = 0.26. 

4 .  P r o p e r t i e s  o f  t h e  q u a r k  r a p i d i t y  p l a t e a u  

4.1. Rapidity correlations 

4.1.1. Correlations between adjacent-rank mesons 
There are two sources of  correlations in our model. Naturally, there is the corre- 

lation among secondary particles that are the decay products of  the same primary 
meson. In addition, however, the primary mesons are not formed at random in 
rapidity. Primary mesons adjacenf in rank are correlated in both flavor and rapidity 
since they each contain a quark (or antiquark) that came from the same q?t pair. 
The two primary mesons of  adjacent rank tend to occur near each other in rapidity, 
Yz, as shown in fig. 22. The mean [AYz[ between mesons adjacent in rank is about 
1.8 units, where all the decay products of  a particular primary meson are assigned 
the rank of  that meson (see fig. 1). Fig. 22 also shows the distribution of  IAYzl 
between mesons with the same rank ((IAYzl) = 0.9). All flavor correlations in the 
quark jets occur between primary mesons of  adjacent rank. The flavor o f  a meson 

OPAL Collaboratwn IPhyslcs Letters B 327 (1994) 411-424 415 

and in 75-80% of these cases the flavour assignment 
is correct. 

In this study, where a semi-exclusive tag is used to 
identify the B ° decays, we have explored a jet charge 
technique as a more efficient method of tagging the b 
flavour at production time (t  = 0) ofneutrai b mesons 
(BOa, Bs°). The jet charge is defined as 

n 

Q j e t = ~ " ~ q , . (  P[ '~', (2) 
t=l 

where Ebeam is the beam energy, qt and p~ are the 
charge and the momentum component along the jet 
direction of track i, and K is a weighting factor. The 
sum runs over all charged tracks associated with the 
same jet. Jet finding is done using the JADE [ 15] 
algorithm with the E0 recombination scheme [ 16] and 
a scaled invariant mass cutoff of Ycut = 0.04. 

The jet charges of two jets are used: that of the 
jet containing the BOa candidate, and that of the most 
energetic other jet (opposite jet). For the jet contain- 
ing the BOa candidate, it is desired to measure the b 
flavour ( t  = 0) rather than at decay time. To this end, 
the value of x is chosen to be zero. In this case ajet 
is simply the sum of  particle charges. Since the re- 
constructed BOa is neutral, the resulting jet charge is 
independent of whether a BOa or a Bd ° is the decaying 
meson. However, some sensitivity to the produced b 
flavour is provided through the fragmentation tracks 
(generally low momentum) in the jet. 

For the opposite jets a value of x = 1 is used. This 
choice of K enhances the correlation between the jet 
charge and the b flavour of the decaying b hadron jet 
opposite to the B °. The b-hadron on the other side can 
be any species: B °, Bs ° which is expected to exhibit 
a larger mixing effect and B + or Ab which do not 
mix. An average mixing of 12% was measured at LEP 
[6,14,17]. 

Using the jet charges described above, a combined 
charge measure is defined: 

~'3 K=0 { B 0 -~ K= 1 Q2jet = ~jet  i d.' --  1 0 .  Qjet ( o p p ) ,  ( 3 )  

where Qjet(B °) and Qjet(opp) are the jet charges of 
the B ° and of the most energetic other jet, respectively. 
The scaling factor of 10 gives the two jet charges sim- 
ilar numeric ranges. This measure combines the jet 
charge information from both the BOa jet and the jet 
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Fig. 1 The jet charge distribution for (a) B ° jets, (b) opposite 
jets and (c) the combined jet charge measure. The solid (dashed) 
hnes are the distributions for simulated B°(B °) events. 

containing the other b hadron to improve the b flavour 
( t  = 0) discrimination. The sign of O2jet is used as 
an indicator of the sign of the b charge at production. 
Fig. 1 shows the distributions of the jet charge for the 
B ° jet, the opposite jet and Q2let for simulated events. 

In addition to giving a better overall b flavour iden- 
tification, combining both charges also serves to re- 
duce the effect of events where mixing occurred in 
the jet opposite the B°d. In such a case the two sides 
tend to give conflicting jet charge information. In or- 
der to reject such events, and others where the charge 
determination is poor, we place a cut on the combined 
charge measure of: 

IQ2jetl > 1.0. (4) 

About 70% of reconstructed simulated B ° events 
satisfy Eq. (4).  The jet charge performance in sim- 

Jet Charge has a long history.

• Feynman and Field (’78) first studied
different schemes for quark charge proxies.

← Top plot on the left from their paper

• First used in DIS to establish a relationship
between the quark model and hadrons.

• Since that time, jet charge has been used
to measure many SM parameters at LEP,
SLD, Tevatron, and the LHC.

← e.g. Opal measurement (’94) of time

dependance in Bd
0 ↔ Bd

0 (charged used to
tag b flavor).

• Used at the LHC for top quark charge.
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New: Physics of Jet Charge TOC

There is a a new theoretical interest in understanding jet charge as a
physical phenomena - not just as a tool for other analyses.

• Jet Charge at the LHC [D. Krohn, M. Schwartz, T. Lin, W. Waalewijn]

→ Phys. Rev. Lett. 110, 212001 (2013)

• Calculating the Charge of a Jet [W. Waalewijn]

→ Phys.Rev. D86 (2012) 094030
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1)

2� at LO and NLO for kT -like quark jets (left panel) and gluon jets (right panel) with R=0.5 and κ = 1. The
bands correspond to the perturbative uncertainties for ρ = 1.
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FIG. 7. The average charge for an anti-kT quark jet is shown as function of the jet energy E for various values of κ and R. The
Pythia results for d (u) quarks are shown as squares (circles). The plots are normalized to 1 at E = 100 GeV and R = 0.5,
which removes the dependence on the nonperturbative input and thus the quark flavor.

normalized to 1 at E = 100 GeV, which removes the de-
pendence on the nonperturbative parameter in Eq. (6).
At LO we do not include the NLO jet algorithm cor-

rections, i.e. we take �Jij = 2(2π)3δij . As Fig. 5 shows,
the NLO corrections reduce the average jet charge by a
non-negligible amount.

The perturbative uncertainties are estimated by vary-
ing the renormalization scale µ up and down by a factor
of 2. To keep the normalization point fixed, we simulta-
neously vary the scale in the normalization. We show un-
certainty bands both with (darker) and without (lighter)
this additional prescription in Fig. 5. In all the following
plots we will use this additional prescription, which keeps
the normalization point fixed and leads to smaller uncer-
tainties. However, since these uncertainty bands do not
quite overlap, they may be a bit too optimistic. In ad-
dition, the prescription causes the NLO band to be only
slightly narrower than the LO result. (Neither of these
issues are present for the lighter uncertainty bands.)

In Fig. 6 we study the convergence of �(Qi
κ)2� for i =

q, g, which enters in the width in Eq. (10). We can no
longer completely remove the nonperturbative input by
normalizing, because of the mixing between quarks and
gluons. We therefore make an assumption for

ρ =
�(Qg

κ)2�
�(Qq

κ)2� at µ0 = 1 GeV, (40)

which we for simplicity take equal for all five light quark
flavors. The solid curves and uncertainty bands corre-
spond to ρ = 1 and the dotted curves in Fig. 6 corre-
spond to ρ = 2. We find again that the convergence is
reasonable. The mixing causes the width to reduce more
slowly as function of E. (For quarks the effect of the
mixing is stronger if ρ is larger, whereas for gluons it is
the opposite way around.)

In addition, these same papers have explored a diverse set of applications
of jet charge to various analyses - some of these will be presented today!
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Tracks and Charge in ATLAS TOC

The inner detector inside ATLAS.

2 T longitudinal B field → bent tracks.

• Tracks are reconstructed from
the inner detector (|η| < 2.5).

• Charge (sign(q)/p) is a
parameter in fitting hits to
tracks.

• Consider pT > 500 MeV.
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Previous Uses of Jet Charge in ATLAS TOC

Measurement of the top quark charge (arXiv:1307.4568).

Qj =

∑
i∈Tr qi × |j · pi

T |κ∑
i∈Tr |j · pi

T |κ
, (2)

where Tr is the list of tracks above 1 GeV within a ∆R cone of 0.25 of the
jet and j is the (calorimeter) jet axis. Qcomb is the product of this charge
and the lepton charge.
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Figure 2. Distributions of the reconstructed b-jet charge in electron+ jets tt̄ events (MC@NLO) associated
with positive (dotted blue line) and negative (dashed red line) leptons and the combined charge (solid black
line) after the !b-pairing is applied. Here Q represents Q!

b−jet in the first two distributions and Qcomb in the
third one.

The peaks at±1 in figure 2 correspond to the cases where all the tracks within the b-jet cone of
ΔR = 0.25 have charges of the same sign. In these cases the weighting procedure (equation (5.3))
gives Qb−jet = ±1.

The difference between the mean b-jet charges associated with !+ and !− is clearly seen in
figure 2. The results of the MC b-jet charge analysis are summarized in table 1, where the mean
combined charges and charge purities are shown for different MC generators and the individual
lepton+ jets channels. The uncertainties in the mean combined charges are scaled to the integrated
luminosity of 2.05 fb−1 corresponding to the size of the processed data sample. The charge purity,
PQ, is defined as

PQ =
N(Qcomb < 0)

N(Qcomb < 0)+N(Qcomb ≥ 0)
, (6.1)

where N(Qcomb < 0) and N(Qcomb > 0) denote the number of events withQcomb < 0 and Qcomb > 0,
respectively.

In general, as it follows from table 1, there is good agreement among the MC@NLO, POWHEG
and ACERMC results on Qcomb. The combined (electron + muon channels) expectations agree to
within 4%. Good agreement is also seen between the individual channels.

To evaluate the effect of the reconstruction on the combined charge, the mean associated b-jet
charge reconstructed using the !b-pairing is compared with that based on the correct association
of the lepton and b-jet using a MC generator-level matching. The comparison is carried out using
the MC@NLO tt̄ samples and the results are shown in table 2 for the electron+ jets, muon+ jets
and combined electron+muon channels. The larger value of the average Qcomb for the MC match-
ing can be explained by its 100% pairing purity. Table 2 shows that the expected mean combined
charges obtained for the electron and muon channels are compatible within statistical errors for the
MC matching. In the !b-pairing case a difference of 2.4σ between the electron and the muon chan-

– 8 –

(right) final states, showing good agreement between the data and the SM expectations.
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Figure 7. Distribution of the combined charge, Qcomb, in electron+ jets (left) and muon+ jets (right) final
states. The full circles with error bars are data, the full black line corresponds to the SM scenario, and the
dashed red line corresponds to the exotic model. The vertical line, labeled with 〈Qcomb〉, shows the mean
value of the Qcomb distribution obtained from data. Only statistical uncertainties are shown.

The top quark charge can be directly inferred from the background-subtracted Qcomb data
distribution using a Qcomb to b-jet charge calibration coefficient obtained from MC. From the SM
value of the b-quark charge (Qb = −1/3) and the mean reconstructed value of the combined charge
(〈Qcomb〉) for signal events, the b-jet charge calibration coefficient Cb = Qb/〈Qcomb〉 is found to
be 4.23 ± 0.03 (stat.) ± 0.07 (syst.) when evaluated using the full tt̄ MC sample. The systematic
uncertainty on Cb is taken as half the difference between the values of the calibration coefficient
for the electron and muon channels. As mentioned in section 6.1 the small difference between the
mean combined charges of the electron and muon channels arises as a consequence of different
selection criteria used for these channels. The mean combined charge depends slightly on b-jet pT
and the !b-pairing purity and efficiency depend on lepton and b-jet pT. Though these dependences
are weak they should be taken into account if the common calibration coefficient is used. The top
quark charge then can be calculated as

Qtop = 1+Q(data)
comb ×Cb , (7.1)

where Q(data)
comb is the reconstructed b-jet charge obtained from the data after the subtraction of the

expected background.
Themean value of the top quark charge for the electron+ jets channel isQtop = 0.63± 0.04 (stat.)

± 0.11 (syst.) and that for the muon+ jets channel is Qtop = 0.65 ± 0.03 (stat.) ± 0.12 (syst.). The
combined result using both channels is 0.64 ± 0.02 (stat.) ± 0.08 (syst.). This result is obtained
from the mean of the combined histogram of Qcomb for the two channels. The quoted systematic

– 15 –
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Background composition in tt̄ TOC

Process Nevents with µ+ Nevents with µ−

tt̄ 3575 ± 29 3522 ± 20
Single Top 126 ± 3 97 ± 3
W +jets 170 ± 29 91 ± 15
Z +jets 23± 5 18 ± 3
Dibosons 3 ± 0.4 3 ± 0.3

Total MC 3895 ± 36 3729 ± 25
2012 Data 4095 3893

Table : The data and MC signal and background yields after all selections for the
5.8 fb−1 sample, shown separately for µ+ and µ− final states. The MC
uncertainties are purely statistical and included solely for the purposes of
illustrating the sample composition.

B. Nachman (SLAC) Charge and Pull Performance in ATLAS January 30, 2014 24 / 50



Applications of Jet Charge in tt̄: Topology II TOC

In addition to (or instead of) kinematic fitting or ∆R matching, one could
tag the charge in order to do the matching.

Reconstructed Jet Charge (e)
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Pythia Dijets MC We can compute the prob. that the b̄ jet
has Qb̄ > 0 & the b jet has Qb < 0: ∼ 25%.

However, we can do better - suppose we
know two jets that come from a b and a b̄.
One can use the difference in charges:

Pr(Qb̄ > Qb) =
∑

Q

Pr(Qb̄ = Q) Pr(Q > Qb)

This probability is about 70%

• In combination with other variables, purity can be improved.
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Data and MC Samples TOC

• W± discrimination in tt̄

• Single jet charge in
W +jets

• Jet charge in QCD dijets

Violet in the right column
indicates an overlap between
red and blue.

• Isolated Muon Trigger

• Single jet triggers
(periods A & B, 2012)

• Single jet triggers
(periods A & B, 2012)

• MC@NLO for tt̄

• PowHeg for tt̄

• ALPGEN for V + jets

• MC@NLO for s- & Wt-channel single top

• AcerMC for t-channel single top

• HERWIG for dibosons

• Data-driven for Multijet

• Pythia8 for QCD
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Jet Charge in CMS PAS: JME-13-006 TOC

5.2 Effect of pileup and detector effects 9
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Figure 4: Qjet volatility, ΓQjet, distribution in simulated samples of boosted W bosons and in-
clusive QCD jets before (left) and after (right) a cut on the pruned jet mass. MG denotes the
MADGRAPH5 generator. Thick dashed lines represent the generator predictions without pileup
interactions and without CMS simulation. The histograms are the distributions after CMS sim-
ulation with two different pileup scenarios corresponding to an average number of interactions
of 12 and 22.
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Figure 5: The jet charge distribution in simulated samples of boosted W bosons and inclu-
sive QCD jets after a cut on the pruned jet mass. MG denotes the MADGRAPH5 generator.
Thick dashed lines represent the generator predictions without pileup interactions and without
CMS simulation. The histograms are the distributions after CMS simulation with two different
pileup scenarios corresponding to an average number of interactions of 12 and 22.

with the axes unoptimized (exclusive kT τ2/τ1). In Fig. 6, we show distributions of the N-
subjettiness observable τ2/τ1. On the top left, we see τ2/τ1 for the full mass range and we see
good discrimination between the signal and background. Then, on the top right of Fig. 6, the
discrimination power is further reduced when the mass cut is applied. The plots on the bottom

24 7 Performance and systematic uncertainties

Finally, we study the jet charge distribution of W-jets in data and simulation using the tt̄ top-
enriched sample. By selecting the positive and negative leptons, we can effectively choose W+

and W− jets. This can be seen in Fig. 24. It can be clearly seen that the W+ and W− jets can be
distinguished.
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Figure 24: Jet charge distributions in the tt̄ control sample for W+ and W− jets in simulation
and data. Simulated distributions are a sum of all processes.

7 Performance and systematic uncertainties
In this section we study efficiencies and fake rates for one specific working point of the pruned
jet mass and N-subjettiness W-tagger to demonstrate the efficiency measurement techniques
and quantify the performance of this W-tagger. The W-tagger is defined by a cut on the pruned
jet mass 60 < mjet < 100 GeV and a cut on the N-subjettiness ratio with a single-pass optimiza-
tion τ2/τ1 < 0.5.

7.1 Efficiency in simulation

In this section we study the pT and pileup dependence of the W-tagging efficiency in simula-
tion. Figure 25 shows the efficiency of the mjet cut and the τ2/τ1 cut combined with the mjet cut
on WW signal samples as a function of pT and number of reconstructed vertices which mea-
sures the amount of pileup. At low pT, there is a turn-on behavior as the W decay products
begin to be reconstructed within the CA8 jet. The efficiency of the mjet drops as a function of
pT, since at higher pT detector resolution for jet substructure degrades and the pruning algo-
rithm removes too large fraction of the jet mass. Also the efficiency of the τ2/τ1 cut drops as
a function of pT, enhancing pT dependence of the W-tagger due to the mjet cut. As a function
of number of reconstructed vertices the efficiency of the mjet cut is slightly dropping by 6%
from 5 to 30 reconstructed vertices. The τ2/τ1 cut efficiency also shows a pileup dependence,
dropping by 12% from 5 to 30 reconstructed vertices.
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Current State of the Field TOC

The idea to measure color connections using jet substructure is not new:

• Original Theory Paper (2010) by J. Gallicchio and M. Schwartz
2
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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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∣∣∣

−π π
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0
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−π π0

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 ,

Pull (vector) =
∑

i∈jet

pi
T |ri |
pjet
T

~ri , (3)

where ~ri = (∆yi ,∆φi ) with respect
to the jet position.

• Followup Pheno Paper

• D0, CMS HZ Multivariate tagger.

• D0 Color Flow Measurement

• Very subtle (even with no
pileup): W peak at 0 (in MC).

• ATLAS Performance Study

• In preparation
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FIG. 2: (Color online) The average of the two jet θpull
rel dis-

tributions for jets in pairing (a) w and (b) b, in events with
exactly four jets, at least two b-tags, and the MW requirement
on the w-pair jets. The χ2/ndf compares the data to the total
MC distribution.
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FIG. 3: (Color online) (a) Leading-pT and (b) second-leading-

pT jet θpull
rel distributions for w-pair jets, in events with two

jets and no b-tagged jets. The χ2/ndf compares the data to
the total MC distribution.

tor. The jet pull is !t =
∑

cells,i
!ti/Ejet

T . The polar angle of

the jet pull, θpull, is defined to be zero when pointing in
the positive η direction along the beamline. A small cor-
rection to the jet pull is made to account for the energy
response and noise in the calorimeters as a function of ηd,
particularly in regions between the central and forward
cryostats. The angle of the jet pull direction relative to
the line defined by the centers of the jet pair (θpull

rel ) is
also of interest, as we expect color-connected jets to have
pulls pointing towards each other. The θpull

rel quantity is
calculated for each jet in the pair of highest-pT b-tagged
jets (b pair) and the pair with highest pT which are not
amongst the two highest pT b-tagged jets (w pair).

To select events with a higher purity of properly identi-
fied jet pairs from hadronic W boson decays, we split the
sample into events where the invariant mass of the w-pair
jets is consistent with the W boson mass, |mjj − MW | <
30 GeV, and events where it is not. For the former, these
two jets are found to match the partons from the W bo-
son decay within ∆R < 0.5 in 66% of tt̄ MC events with
four jets and 46% of events with 5 or more jets. In the
latter case, additional gluon radiation in the initial or fi-
nal state leads to possible additional color configurations,
diluting the measurement.

Since the w-pair jets in tt̄ events are often from the
W boson decay, we expect them to be color-connected,
thus the jet pulls should generally point towards each
other. We expect b-pair jets to have one of the b-jets
color-connected to the proton beam and the other to the

anti-proton beam, thus the jet pulls should be generally
pointing away from each other. This tendency is seen in
data as shown in Fig. 2, with smaller θpull

rel in the w pair
than in the b pair. However, the jets in w and b pairs have
different kinematics, separation in the detector, and fla-
vor. A direct interpretation of the effects from color-flow
is therefore not possible from this comparison. Further-
more, there are detector and reconstruction effects on jet
pulls from overlapping jet pull cones, calorimeter noise
and pileup, and calorimeter response inhomogeneity. For
instance, there would be fewer cone overlaps if the jet pull
was defined using only calorimeter cells within ∆R < 0.5,
producing on average smaller values for θpull

rel . With this
alternative definition the shape in Fig. 2(a) would peak
more towards zero and that in Fig. 2(b) would be flatter.
These effects are found to be well-modeled by the simu-
lation, and the jet pull definition based on the ∆R < 0.7
cone gives a slightly improved singlet-octet separation.
The relative jet pulls θpull

rel in data are also found to be
well-modeled by simulation for other jet pairings, such as
a random w-pair jet and a random b-pair jet. In control
samples consisting of events with a leptonic W boson de-
cay, and two, three, or four jets, none identified as b-jets,
various jet pairings also have jet pulls that agree with
simulations. Figure 3 shows the θpull

rel distributions for
jets in a control sample with a leptonic W boson decay
and two not-b-tagged jets.

To quantify the method’s sensitivity to the color-
flow structure (color-singlet versus color-octet) for the
hadronic W boson decay, we fit the data to two hypothe-
ses: (i) standard model tt̄ with a color-singlet hadroni-
cally decaying W boson (singlet MC) and (ii) tt̄ with a
hypothetical color-octet “W” boson (octet MC). We de-
termine the fraction of events coming from color-singlet
W boson decay (fSinglet) using the fitting procedure from
the D0 combined tt̄ cross section analysis [6]. We simul-
taneously measure the tt̄ cross section to avoid any possi-
ble influence of the tt̄ signal normalization on the fSinglet

measurement. The discriminating variable used for the
fit is derived from the θpull

rel angles of the w-pair jets and
depends on the ∆R between the two jets and their ηd. For
events failing the W mass requirement, we do not split
the regions further; for other events we split the data
sample according to the ηd of the jets and ∆R between
the jets. For events where the two jets are highly sepa-
rated (∆R > 2), we use the θpull

rel of the leading-pT jet.
Little discrimination is possible for these events, since the
additional color radiation is distributed over a large area
of the calorimeter. When the two jets are close (∆R < 2)

and |ηd| < 1.0 for both jets, we use the minimum θpull
rel of

the two jets. This is the most sensitive region, and the jet
pull is accurately reconstructed in the central calorime-
ter due to less pileup energy and uniformity of response.
Otherwise, if |ηd| of the leading-pT jet is < 1.0 (> 1.0),

the θpull
rel of the leading-pT (second-leading pT ) jet is used.

B. Nachman (SLAC) Charge and Pull Performance in ATLAS January 30, 2014 28 / 50

http://arxiv.org/abs/1001.5027
http://arxiv.org/abs/1010.3698v2
http://www-d0.fnal.gov/Run2Physics/WWW/results/prelim/HIGGS/H90/H90.pdf
https://cds.cern.ch/record/1610640/files/HIG-13-028-pas.pdf
http://arxiv.org/abs/1101.0648


Reconstructed Objects and Selections TOC

t

t̄

W

W

b

b̄

q

µ

q′

≥ 4 Anti-kt R = 0.4 jets: pT > 25 GeV

|η| < 2.1 (to match tracks)

Isolated muon trigger

(24, 36 GeV pT )

MT + E miss
T > 60 GeV

E miss
T > 20 GeV

Of non b-tagged jets, require

a pair with |mjj −mW | < 30

Tracks: A standard selection

e.g. pT > 500 MeV, |dPV
0 | ≤ 2.5 mm

Require ≥ 2 b-jets

(MV1 @ 70%)

νµ
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Pull as a Tagger in bins of ∆R TOC
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Differential Pull Angle Response: bins of pT TOC

Now, fix bins of pT and consider the pull angle response resolution as a
function of ∆R:
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Only a slight downward slope with ∆R. Degradation for b-jets at low pT .

B. Nachman (SLAC) Charge and Pull Performance in ATLAS January 30, 2014 31 / 50



Lorentz Properties of Jet Charge: Introduction TOC

Both ATLAS and CMS have investigated jet charge using large radius jets
at the LHC.

5.2 Effect of pileup and detector effects 9
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Figure 4: Qjet volatility, GQjet, distribution in simulated samples of boosted W bosons and in-
clusive QCD jets before (left) and after (right) a cut on the pruned jet mass. MG denotes the
MADGRAPH5 generator. Thick dashed lines represent the generator predictions without pileup
interactions and without CMS simulation. The histograms are the distributions after CMS sim-
ulation with two different pileup scenarios corresponding to an average number of interactions
of 12 and 22.

 = 1.0)κ jet charge (
-0.4 -0.2 0 0.2 0.4

 N
or

m
al

iz
ed

 D
is

tri
bu

tio
n

0

0.05

0.1

0.15

 only-W
  + <PU> = 22 + sim.

 only+W
  + <PU> = 22 + sim.
W+jets, MG+Pythia6
  + <PU> = 22 + sim.

 = 8 TeV, W+jetssCMS Preliminary Simulation, 

CA R=0.8
 < 600 GeV

T
400 < p

|<2.4η|
 < 100 GeVJ60 < m

Figure 5: The jet charge distribution in simulated samples of boosted W bosons and inclu-
sive QCD jets after a cut on the pruned jet mass. MG denotes the MADGRAPH5 generator.
Thick dashed lines represent the generator predictions without pileup interactions and without
CMS simulation. The histograms are the distributions after CMS simulation with two different
pileup scenarios corresponding to an average number of interactions of 12 and 22.

with the axes unoptimized (exclusive kT t2/t1). In Fig. 6, we show distributions of the N-
subjettiness observable t2/t1. On the top left, we see t2/t1 for the full mass range and we see
good discrimination between the signal and background. Then, on the top right of Fig. 6, the
discrimination power is further reduced when the mass cut is applied. The plots on the bottom
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Figure 5: The charge of a boosted hadronically-decaying W boson in simulated semileptonic tt̄ events
for  = 1.0 (left) and  = 0.3 (right). The hashed distributions are for the extension of the jet charge
definition to large-R jets. The solid line histograms show the distribution of the large-R jet charge after
trimming and the dashed lines show the sum of the charge of the two leading R = 0.3 kt subjets.

fined, as above, by summing over the tracks according to Eq. 1, with the (calorimeter) trimmed jet pT

in the denominator. The trimmed large-R jet charge is shown in Fig. 5 for  = 1.0 and  = 0.3 for the
same selection as for the untrimmed distribution. The trimmed and untrimmed jets have very similar
distributions, with the untrimmed distributions being slightly wider. The reason why there is not much
di↵erence in the charge distributions is that trimming only removes 20% of tracks, all of which have a
low ptrack

T /pjet
T weight (. O(1%)) and thus do not contribute significantly to the charge. Trimming re-

moves more than 20% of calorimeter clusters, but the tracks are required to match to the primary vertex
and are thus significantly protected against pileup.

In the process of trimming, R = 0.3 subjets associated with each large-R jet are clustered together.
This gives rise to a third natural definition of the hadronic W charge, namely, the sum of the jet charge
of the two leading kt subjets. Tracks are already matched with subjets from the ghost association to the
R = 1.0 jets. This subjet charge is shown in Fig. 5 for  = 1.0 and  = 0.3. The subjet charge is much
more spread out than the (trimmed) large-R jet charge. Part of the stretching comes simply from the
definitions. To see this, consider an example in which the large-R jet transverse momentum P is parallel
to the two subjet momenta p and q and assume that p+ q = P. Then, since 1/p+ 1/q > 1/(p+ q) = 1/P,
the subjet charge will tend to have a larger spread.

The performance of hadronic W charge-tagging in the boosted regime is shown in Fig. 6 in terms
of the inverse e�ciency (rejection) to identify a W� as a function of the e�ciency to identify a W+. As
expected, since the large-R charge and trimmed large-R charge distributions are very similar for the two
definitions, the performance is similar. For a 50% W+ e�ciency, a factor of four rejection is obtained.
The subjet charge performs significantly worse than the (trimmed) large-R jet charge. There are several
factors that contribute to the di↵erence in performance. For example, there are many selected large-R
jets with three or more subjets. In these cases, the jet charge calculation does not include information
beyond what is contained in the two leading subjets. In addition, the decay products of the W may not
be fully merged into the R = 1.0 cone. The large-R jet charge may take this partial contribution into
account, but the subjet charge may miss information from tracks on the edge of the jet.

9

As identifying the properties of boosted bosons will continue to increase in
relevance and importance, we investigate some of the physical aspects of
jet charge in the boosted regime.
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Background TOC

For a jet J with some associated tracks T , the jet charge is most generally
defined as

Q =
1

f (J)

∑

t∈T
qtg(t), (4)

where qt is the charge of the track t and f (∗), g(∗) are functions that map
onto weights in R+.

• Dedicated jet charge studies at the LHC have used f (J) = (pJ
T )κ and

g(t) = (pt
T )κ

• Top quark charge studies have used f (J) =
∑

t∈T (pt
T )κ and

g(t) = (pt
T )κ

In both cases, Q is not Lorentz invariant. We want to understand how
boosts impact the charge tagging performance of jet charge.
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A Simple Example TOC

Let’s focus on identifying the charge of hadronically decaying bosons, since
on-shell W/Zs have a well defined rest frame.

Consider the most simple case: Z → e+e− and consider the electrons as
the constituents of our ’Z jet’:

x

y

e+ e−

−p p

For f (J) = Eκ
J and g(t) = Eκ

t , in the Z rest frame (p = mZ/2),

Q =
1

mκ
Z

(pκ − pκ) = 0 (5)
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A Simple Example, continued TOC

Now, suppose that the Z has speed β along the ±x direction. Then,

Q =
1

(γmZ )κ

(
(γp(1± β))κ − (γp(1∓ β))κ

)
(6)

If κ = 1, then Q = ±β. If κ� 1, then Q = ±κβ. In either case, we can
make Q arbitrarily positive or negative depending on the direction of the
boost.

x

y

Q > 0

e+ e−

x

y

Q < 0

e+ e−
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What goes wrong? TOC

More generally, Instead of 2 tracks associated to the Z/W jet, suppose
now that there are n tracks. Then, we can compute

Q(rest frame) =
1

mκ
boson

n∑

i=1

qiE
κ
i =

1

mκ
boson

n∑

i=1

qiE
κ (7)

= Qboson ∈ {0,±1} (8)

Where we assume that all the particles causing the tracks are massless and
that the energy is divided evenly amongst them, Ei = E = mboson/m for m
the number of daughters (n ≤ m) including qi = 0 (not true in general).
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What goes wrong? (continued) TOC

Now, let’s perform a transverse boost in the r̂ direction with speed β.
Then,

Q =
1

(γmboson)κ

n∑

i=1

qiγ
κ(Ei − β~Pi · r̂)κ (9)

When κ = 1,

Q = Q(rest frame)− β

(mboson)

n∑

i=1

qi
~Pi · r̂ (10)

= Qboson −
β

m

n∑

i=1

qi P̂i · r̂ (11)

For a given event, the second term above will not be zero, unless all the
tracks are perpendicular to the boost.
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What goes wrong? (continued) TOC

For an ensemble of events, we expect the tracks to be randomly oriented
and so

〈Q〉 = Qboson − β
〈

1

m

n∑

i=1

qi P̂i · r̂
〉

(12)

= Qboson (13)

However, in general the expectation of the square of the second term in
(9) will not be zero. Thus, there is a boost-induced resolution to the jet
charge that is unrelated to the detector performance. Next:

• How big is this effect?

• Can we correct for it (Lorentz invariant charge)?
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A ’Real’ Case Study: W → qq′ TOC

Consider the decay of a W into quarks with subsequent parton shower and
hadronization. Because it is a color singlet, it is possible to uniquely
associate the decay projects to the W . The event displays below visualize
all the stable particles; negative hadrons, positive hadrons, and photons.

x

y

x

y

The left and right show the same event: the only difference is that the
magnitudes on the right are the log of the actual magnitudes so that you
can see every particle. What was the charge of the W ? (A: +1).
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Jet Charge in our Case Study TOC

• The W was generated with
β = 0.65

• On the left, we can see the
dependance of the jet charge
numerator on κ.

• κ = 0 =⇒ Q = 1
• κ→∞ =⇒ Q dominated by

leading track (q < 0)

• For now, we fix κ = 1 to study
the boost properties

κ

∑n
i=1 qi (pi

T )κ

−0.5 0.0 0.5 1.0 1.5
0.0

0.5
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Charge as a Function of the Transverse Boost TOC
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• Definition of charge from LHC performance notes - Q →∞ at β = 0.

• A boost in the transverse plane can be parameterized by the speed β
[or pW

T ] and the azimuthal angle φ.

• Note the purple region around φ = π where Q is actually negative!
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Event Display for the Boost Making Q < 0 TOC

x

y

It is very clear from this figure that the large boost to the highest pT

(negatively charged) particle.
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Impact on Performance TOC

Now, consider an ensemble of events. For a fixed direction, we can
compute the efficiency versus rejection as a function of the boost along
this direction.

N
eg

at
iv

e 
C

ha
rg

e 
E

ffi
ci

en
cy

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Transverse Momentum of the W [GeV]

50 100 150 200 250 300 350 400 450 500

P
os

iti
ve

 C
ha

rg
e 

E
ffi

ci
en

cy

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Charge Tagging for an Ensemble [boost direction fixed]Charge Tagging for an Ensemble [boost direction fixed]

Transverse Momentum of the W [GeV]

50 100 150 200 250 300 350 400 450 500

N
eg

at
iv

e 
C

ha
rg

e 
E

ffi
ci

en
cy

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

Fixed Positive Charge Efficiency of 80%Fixed Positive Charge Efficiency of 80%

There is a trend downward, indicating a decrease in performance with an
increased boost. However, this is not dramatic and goes away at high pT .
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Conclusions TOC

There is a physics induced resolution that worsens the performance due to
the boost of the W /Z boson.

However, in terms of the impact on efficiency versus rejection, the effect is
small. Nonetheless, we can correct for this by introducing a boost
invariant jet charge. For example, one can use LI weights, or calculate the
jet charge in the (di)jet rest frame.

For example, in boosted W charge tagging, one can i) define the jet
charge in the W rest frame or ii) use weights which are Lorentz invariant.
In both cases, we find that the performance is no better than the standard
definition.
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Calorimeter Pull Resolutions TOC

Fact: With only a truth pT cut of 25 GeV, we see a clear difference
between θP(J1, J2) and θP(B1,B2) [left and middle]. However, the
matched reconstructed jets do not share this difference [right].
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I’ll show that there are two effects:

• The [truth level] strength of the W distribution increases with pW
T .

• Resolutions are important, but come in two distinct categories.
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pW
T and Pileup TOC

• Removing pileup [left] does not improve the situation.

• Increasing the pW
T threshold dramatically improves the difference.

• Once the pW
T is large enough for the difference to be large, pileup is

not relevant [right] (obvious).
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Reconstructed Object Selection TOC

So far, plots have been based on truth selections. This plot was made with
a reconstructed selection and will be comparable to the corresponding data
plot:
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There is a tradeoff between statistics and the size of the effect.
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Resolutions

So far, I’ve said nothing about resolutions. The best way to understand
the impact of calorimeter resolutions is to divide events into two classes:

η Low |η(X1)| > |η(X2)| where X ∈ {J,B}.
η High |η(X1)| < |η(X2)| where X ∈ {J,B}.
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• The next slide explains why

there is a distinction. Then, I’ll
explain why the red and blue
curves look as they do.
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Why low and high η? TOC

Imagine you have a jet as shown below at the coordinates (y0, φ0). Since
the distribution of jet η is peaked at zero, if you pick any other jet (in
particular a b-jet or a W daughter jet) the most likely position of this
second jet is somewhere in the hatched area.

!

y

φ

(y0, φ0)
φ

• Angular smearing is symmetric in η and φ.
However, if there is a contribution to the jet
not from the originating parton i.e. from UE
or pileup, then the most probable location is
once again in the hatched area. If this
contribution is on the outskirts of the jet, then
it can increase the pull. As a result, the pull
angle tends to be closer to zero. There is a
peak at zero simply because of geometry; there
are more angles close to zero than close to ±π.
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High η TOC

If the second (rotating) jet for pull has a larger η than the first, then the effect described on the

previous slide is not relevant. Instead, you would expect mostly smearing from within the jet,

which is symmetric. Such smearing leads to the U-shaped distribution. We can see this from

treating a jet of a fixed pT as a collection of massless particles which are smeared. This is the

same process that leads to the peak at π/2 in track pull, but now we consider the constituents

and the jet axis smearing coherently (there, only the jet axis changed).
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