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The July 5th problem Appreciating the  
The Standard Model 

07-04-12: find the Higgs boson 
07-05-12: measure everything about it 
mm-dd-yy: find a new particle 
mm-(dd+1)-yy: measure everything about it 

More than just 27 numbers 
Qualitatively new phenomena 
         

Electric 
charge 

Color 
charge 

Quarks vs 
Gluons 

Color 
connections 

Jets 
Scaling 

Small x 
physics 

Rapidity 
gaps 

Underlying 
event 

Requires precision measurements 
Requires precision calculations Requires validation on Standard Model 

Two motivations 
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Lots of developments in jet substructure over the past 5 years 

•  Top-tagging 
•  Johns Hopkins Tagger 
•  Top template tagger 
•  HEP top-tagging 

•  Jet grooming 
•  Filtering 
•  Trimming 
•  Pruning 

•  Multijet events 
•  Pull 
•  ISR tagging 
•  Quarks vs Gluons 
•  Qjets 
•  Shower deconstruction 

•  Jet Charge 
•  N-subjettiness 
•  Jet cores 
•  W-tagging 
•  Dipolarity 
•  Modified mass drop 
•  Angularities 
•  N-point energy correlators 
•  Semi-classical clustering 
•   …. 

Many methods tested on data. 
Impressive agreement with full simulation. 
Applications to BSM (e.g. Z’ resonance searches) 



What is a jet?  
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Figure 1. Gluino decay as an of of a quark-heavy signal, in this case with 8 quark jets and no
gluon jets produced. Multi-jet events in standard model backgrounds are extremely unlikely to have
so many quark jets.

1 Introduction

Being able to distinguish quark-initiated from gluon-initiated jets reliably at the LHC could

be fantastically useful, since signatures of beyond-the-standard-model physics are often quark

heavy. For example, a typical gluino-pair production topology is pictured in Figure 1. Pro-

duced in pairs, each gluino’s cascade decay can produce four quarks and missing transverse

momentum due to the escape of the lightest supersymmetric partner. Backgrounds to this

process have events with many jets produced from QCD. These jets are predominately glu-

onic. Additionally, many R-parity violating SUSY models produce quark jets without the

missing transverse momentum. To constrain these models, being able to filter out background

QCD events containing gluon jets would be helpful. Leptophobic Z ′ or W ′ particles provide

other obvious examples where quark/gluon discrimination would be useful.

Gluon-heavy backgrounds are especially problematic for signals without leptons, gauge

bosons, B-jets, tops, or missing energy. Quark/gluon tagging might be one of the few ways

to improve these searches. Another application is to reduce reduce combinatorial ambiguity

within a single event. If jets in a given event could be identified as quark or gluon, their

place in a proposed decay topology could be constrained, or they could be classified as initial-

state radiation. Examining the quark/gluon tagging scores of jets produced by a new particle

might be the only way to measure QCD quantum numbers directly. Alternatively, some

signals consist of gluon jets, like coloron models [1] or buried-Higgs, where h → 2a → 4g

and a is CP odd scalar [2]. The same observables and techniques apply to gluon tagging,

though here we will treat the quark jets as the signal and the gluon jets as background for

concreteness.

– 2 –

Energetic quarks and gluons produced 

Quarks and gluons “shower” to form jets 

Parton 
shower 

Jet algorithms: reconstruct parton momenta 
As of 2007: jet=parton 

A jet is a 4-vector. Just calibrate it (performance group). 



Jets are not just 4-momenta! 
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•  Jets have substructure 
•  Hard subjets 
•  Jet shapes 

•  Jets have quantum numbers 
•  Flavor (up/down/strange/charm/bottom) 
•  Electric charge 
•  Color charge (quark or gluon) 
•  Spin (?) 

•  Jets have superstructure 
•  Color connections between jets 

•  Jets are not partons 
•  Jets are not collections of hadrons 

2007: A jet is a 4-vector. Just calibrate it. 
2013: Jets are sophisticated emergent phenomena in the standard model 

     Lets study them for their own sake!  



CASE STUDY: 
ELECTRIC CHARGE 
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•  Could distinguish up-quark jets from down-quark jets 
•  Could help distinguish up squarks from down squarks 

 
 
 
 
 
 
 
 
 
 

•  W prime vs Z prime 
 

•  Many many uses for characterizing new physics (if seen) 

Jet charge 
Can the charge of a jet be measured? 
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Distinguishing charge 
Measure the pT-weighted jet charge: 
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κ=0.5	



κ=1	
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Jet Charge at the LHC
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Knowing the charge of the parton initiating a light-quark jet could be extremely useful both for
testing aspects of the Standard Model and for characterizing potential beyond-the-Standard-Model
signals. We show that despite the complications of hadronization and out-of-jet radiation such as
pile-up, a weighted sum of the charges of a jet’s constituents can be used at the LHC to distinguish
among jets with different charges. Potential applications include measuring electroweak quantum
numbers of hadronically decaying resonances or supersymmetric particles, as well as Standard Model
tests, such as jet charge in dijet events or in hadronically-decaying W bosons in tt̄ events. We
develop a systematically improvable method to calculate moments of these charge distributions by
combining multi-hadron fragmentation functions with perturbative jet functions and pertubative
evolution equations. We show that the dependence on energy and jet size for the average and width
of the jet charge can be calculated despite the large experimental uncertainty on fragmentation
functions. These calculations can provide a validation tool for data independent of Monte-Carlo
fragmentation models.

The Large Hadron Collider (LHC) at CERN provides
an opportunity to explore properties of the Standard
Model in unprecedented detail and to search for physics
beyond the Standard Model in previously unfathomable
ways. The exquisite detectors at atlas and cms let us
go beyond treating jets simply as 4-momenta to treating
them as objects with substructure and quantum num-
bers. A traditional example is whether a jet was likely
to have originated from a b-parton. At the LHC, one
can additionally explore whether a jet has subjet con-
stituents, as from a boosted heavy object decay [1, 2],
or whether it originated from a quark or gluon [3]. See
Ref. [4] for a recent review of jet substructure. Here we
consider the feasibility of measuring the electric charge
of a jet.

The idea of correlating a jet-based observable to the
charge of the underlying hard parton has a long his-
tory. In an effort to determine the extent to which jets
from hadron collisions were similar to jets from leptonic
collisions, Field and Feynman [5] argued that aggregate
jet properties such as jet charge could be measured and
compared. The subsequent measurement at Fermilab [6]
and CERN [7] in charged-current deep-inelastic scatter-
ing experiments showed clear up- and down-quark jet
discrimination, confirming aspects of the parton model.
Another important historical application was the light-
quark forward-backward asymmetry in e+e− collisions, a
precision electroweak observable [8]. Despite its histori-
cal importance, there seem to have been no attempts yet
at measuring the charge of light-quark jets at the LHC.

Most experimental studies of jet charge measured vari-
ants of a momentum-weighted jet charge. We define the

pT -weighted jet charge for a jet of flavor i as

Qi
κ =

1

(pjetT )κ

∑

j∈jet

Qj(p
j
T )

κ (1)

where the sum is over all particles in the jet, Qj is the

integer charge of the color-neutral object observed, pjT
is the magnitude of its transverse momentum and κ is a
free parameter. A common variant uses energy instead
of pT . Values of κ between 0.2 and 1 have been used in
experimental studies [6, 8].
In hadron-hadron collisions at high energy, such as at

the LHC, the particle multiplicities in the final state are
significantly larger than at low energy and at e+e− or

FIG. 1. Distributions of Qi
κ for various parton flavors with

pjet
T

= 500 GeV and κ = 0.5, 1.

Krohn, Lin, MDS, Waalewijn 
Phys.Rev.Lett. 110 (2013) 212001  
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Distinguishes W’ from Z’ 
Log-likelihood distribution for 1 TeV resonance,  
              various κ	



5σ discovery with 200 events  
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FIG. 2. Distinguishing W ′ from Z′ with a log-likelihood dis-
criminant, for different values of κ. Even with only 50 events
the samples are extremely well separated.

lepton-hadron colliders. Thus, one would expect that
measuring the charge of a light-quark jet at the LHC
should be difficult, with the primordial quark charge
quickly getting washed out. However, this turns out not
to be the case. For example, Fig. 1 shows distributions
of Qi

κ for u, ū, d, d̄ and g jets for two values of κ. One can
clearly see thatQi

κ will be useful for measuring jet charge.
Moreover, as we will show, the energy and and jet-size
dependence of moments of jet-charge distributions can
be calculated in perturbative QCD.

To get an impression of how much data is needed for
Qi

κ to be useful, we consider measurements designed to
distinguish charged from neutral vector resonances. To
be concrete, we consider scaled-up W and Z bosons at a
mass of 1 TeV decaying into light quark jets [9]. Simply
cutting on the sum of the Qi

κ of the hardest two jets
in each event we can distinguish the two samples with
95% confidence using around 30 events. We find that
the best discriminating power is achieved for κ ∼ 0.3.
A more sophisticated log-likelihood discriminant based
on the two-dimensional jet charge distribution is shown
in Fig. 2, where ∼ 4σ separation of the two samples is
achievable with 50 events.

For another phenomenologically relevant application
of jet charge consider a simplified supersymmetric model
with squarks pair produced through t-channel gluino ex-
change and decaying as q̃ → q + χ1

0. At mq̃ = mg̃ =
1.5 TeV such a model is still allowed [10], although it will
come under scrutiny with the next round of 8 TeV data.
Due to the high concentration of up-type valence quarks
at large x, the di-squark production process yields many
events with two hard up-type jets and missing energy, in
contrast to the background (dominated by V+jets) where
the two hardest jets are rarely both ups. Adopting a set
of cuts similar to those of Ref. [10], we estimate if an

FIG. 3. Final state composition in dijet production.

FIG. 4. Sum of the two jet charges in dijet events, for various
κ. The growth with dijet invariant mass reflects the larger
fraction of valence quark PDFs at large x and corresponding
decrease in gg final states.

excess is seen in 2 jets and missing energy channel, the
increased concentration of up quarks could be measured
above the 2σ level with 25 fb−1 of 8 TeV data, provid-
ing unique insights into the flavor structure of the new
physics.

To trust a measurement of jet charge, it is important
to test it on samples of known composition. While pro-
ton collisions do not generally provide clean samples of
pure up- or down-quark jets, there are still ways to vali-
date the method on data. For example, dijet production
has an enormous cross section at the LHC and the frac-
tion of jets originating from different partons is directly
determined by the parton distribution functions (PDFs).
At larger energies the valence quark PDFs dominate over
gluon or sea quark PDFs, producing more charged final
states, as can be seen in see Fig. 3. The mean total jet
charge in dijet events is shown in Fig. 4 for various values

2σ distinction with 30 events 



Can calibrate with hadronic W’s from tops  
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FIG. 5. Sum of jet charges of the two non b-jets in semi-
leptonic tt̄ events with a positively (solid) or negatively
(dashed) charged lepton.

of κ. Verifying the trend in this plot on LHC data would
help validate jet charge.

Another sample of interest for validating jet charge is
hadronically decayingW bosons coming from top decays.
In a semi-leptonic tt̄ sample, the leptonically decaying
W can be used to determine the two charges of the jets
from the hadronically decaying W . The distributions of
these charges can then be compared to expectations, an
example comparison is shown in Fig. 5. Validating this
simulation on data would establish weighted jet charge
as a trustworthy tool, which could then be used for new
physics applications. Perhaps it could even be employed
within the context of W decays to help with top-tagging
or W polarization measurements.

Next, we consider the effects of pile-up and contam-
ination on jet charge. One might worry that at high
luminosity jet charge would be diluted by pile-up events,
as up to O(100) proton-proton collisions can take place in
the same bunch crossing. However, the products of these
interactions tend to be soft, and are thus assigned little
weight as long as κ is not too small. Further, charged
particles can be traced to their collision vertex allowing
most contamination to be removed. Finally, jet grooming
techniques like trimming [11] can be applied to further
reduce contamination. We present a comparison of ef-
fects of contamination and techniques to mitigate it in
Fig. 6.

Having demonstrated the practicality of jet charge for
new physics searches and proposed ways to validate it on
standard model data, we now turn to the feasibility of
systematically improvable jet charge calculations. While
Monte-Carlo programs like pythia often provide an ex-
cellent approximation to full quantum chromodynamics,
they are only valid to leading-order in perturbation the-
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FIG. 6. Comparison of W ′ vs. Z′ discrimination subject
to contamination from initial state radiation (ISR), multiple
interactions (MI), and pile-up events. We also show the result
with and without jet trimming (Rsub = 0.2, fcut = 0.02).

ory including the resummation of leading Sudakov double
logarithms [12].
A precise calculation of jet charge is challenging be-

cause it is not an infrared-safe quantity. Jet charge is
sensitive to hadronization and cannot be calculated with-
out knowledge of the fragmentation functions Dh

j (x, µ).
These functions give the average probability that a
hadron h will be produced by a parton j with the hadron
having a fraction z of the parton’s energy. Fragmentation
functions, like parton distribution functions, are non-
perturbative objects with perturbative evolution equa-
tions which simplify in moment space. The Mellin mo-
ments are defined by

D̃h
q (ν, µ) =

∫ 1

0
dxxνDh

q (x, µ) , (2)

which evolve through local renormalization group equa-
tions, just like the moments of parton distribution func-
tions.
We first consider the average value of the jet charge

〈Qi
κ〉 =

1

σjet

∫
dσQi

κ =

∫
dz zκ

∑

h

Qh
1

σjet

dσh∈jet

dz
, (3)

where z = Eh/Ejet is the fraction of the jet’s energy the

hadron carries. For narrow jets z ∼ phT /p
jet
T .

To connect to the fragmentation functions, we first ob-
serve that for κ > 0 the the charge is dominated by
collinear and not soft radiation. Thus the contributions
of the hard and soft sectors of phase space, while con-
tributing to the formation of the jet, should have a sup-
pressed effect on Qi

κ. We can therefore use the fragment-
ing jet functions introduced in Refs. [13, 14] to write

1

σjet

dσh∈jet

dz
=

1

16π3

∑

j

∫ 1

z

dx

x

Jij(E,R, z
x
, µ)

Ji(E,R, µ)
Dh

j (x, µ) .

(4)
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Knowing the charge of the parton initiating a light-quark jet could be extremely useful both for
testing aspects of the Standard Model and for characterizing potential beyond-the-Standard-Model
signals. We show that despite the complications of hadronization and out-of-jet radiation such as
pile-up, a weighted sum of the charges of a jet’s constituents can be used at the LHC to distinguish
among jets with different charges. Potential applications include measuring electroweak quantum
numbers of hadronically decaying resonances or supersymmetric particles, as well as Standard Model
tests, such as jet charge in dijet events or in hadronically-decaying W bosons in tt̄ events. We
develop a systematically improvable method to calculate moments of these charge distributions by
combining multi-hadron fragmentation functions with perturbative jet functions and pertubative
evolution equations. We show that the dependence on energy and jet size for the average and width
of the jet charge can be calculated despite the large experimental uncertainty on fragmentation
functions. These calculations can provide a validation tool for data independent of Monte-Carlo
fragmentation models.

The Large Hadron Collider (LHC) at CERN provides
an opportunity to explore properties of the Standard
Model in unprecedented detail and to search for physics
beyond the Standard Model in previously unfathomable
ways. The exquisite detectors at atlas and cms let us
go beyond treating jets simply as 4-momenta to treating
them as objects with substructure and quantum num-
bers. A traditional example is whether a jet was likely
to have originated from a b-parton. At the LHC, one
can additionally explore whether a jet has subjet con-
stituents, as from a boosted heavy object decay [1, 2],
or whether it originated from a quark or gluon [3]. See
Ref. [4] for a recent review of jet substructure. Here we
consider the feasibility of measuring the electric charge
of a jet.

The idea of correlating a jet-based observable to the
charge of the underlying hard parton has a long his-
tory. In an effort to determine the extent to which jets
from hadron collisions were similar to jets from leptonic
collisions, Field and Feynman [5] argued that aggregate
jet properties such as jet charge could be measured and
compared. The subsequent measurement at Fermilab [6]
and CERN [7] in charged-current deep-inelastic scatter-
ing experiments showed clear up- and down-quark jet
discrimination, confirming aspects of the parton model.
Another important historical application was the light-
quark forward-backward asymmetry in e+e− collisions, a
precision electroweak observable [8]. Despite its histori-
cal importance, there seem to have been no attempts yet
at measuring the charge of light-quark jets at the LHC.

Most experimental studies of jet charge measured vari-
ants of a momentum-weighted jet charge. We define the

pT -weighted jet charge for a jet of flavor i as

Qi
κ =

1

(pjetT )κ

∑

j∈jet

Qj(p
j
T )

κ (1)

where the sum is over all particles in the jet, Qj is the

integer charge of the color-neutral object observed, pjT
is the magnitude of its transverse momentum and κ is a
free parameter. A common variant uses energy instead
of pT . Values of κ between 0.2 and 1 have been used in
experimental studies [6, 8].
In hadron-hadron collisions at high energy, such as at

the LHC, the particle multiplicities in the final state are
significantly larger than at low energy and at e+e− or

FIG. 1. Distributions of Qi
κ for various parton flavors with

pjet
T

= 500 GeV and κ = 0.5, 1.
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2013: measured in data by ATLAS! 
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FIG. 5. Sum of jet charges of the two non b-jets in semi-
leptonic tt̄ events with a positively (solid) or negatively
(dashed) charged lepton.

of κ. Verifying the trend in this plot on LHC data would
help validate jet charge.

Another sample of interest for validating jet charge is
hadronically decayingW bosons coming from top decays.
In a semi-leptonic tt̄ sample, the leptonically decaying
W can be used to determine the two charges of the jets
from the hadronically decaying W . The distributions of
these charges can then be compared to expectations, an
example comparison is shown in Fig. 5. Validating this
simulation on data would establish weighted jet charge
as a trustworthy tool, which could then be used for new
physics applications. Perhaps it could even be employed
within the context of W decays to help with top-tagging
or W polarization measurements.

Next, we consider the effects of pile-up and contam-
ination on jet charge. One might worry that at high
luminosity jet charge would be diluted by pile-up events,
as up to O(100) proton-proton collisions can take place in
the same bunch crossing. However, the products of these
interactions tend to be soft, and are thus assigned little
weight as long as κ is not too small. Further, charged
particles can be traced to their collision vertex allowing
most contamination to be removed. Finally, jet grooming
techniques like trimming [11] can be applied to further
reduce contamination. We present a comparison of ef-
fects of contamination and techniques to mitigate it in
Fig. 6.

Having demonstrated the practicality of jet charge for
new physics searches and proposed ways to validate it on
standard model data, we now turn to the feasibility of
systematically improvable jet charge calculations. While
Monte-Carlo programs like pythia often provide an ex-
cellent approximation to full quantum chromodynamics,
they are only valid to leading-order in perturbation the-
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FIG. 6. Comparison of W ′ vs. Z′ discrimination subject
to contamination from initial state radiation (ISR), multiple
interactions (MI), and pile-up events. We also show the result
with and without jet trimming (Rsub = 0.2, fcut = 0.02).

ory including the resummation of leading Sudakov double
logarithms [12].
A precise calculation of jet charge is challenging be-

cause it is not an infrared-safe quantity. Jet charge is
sensitive to hadronization and cannot be calculated with-
out knowledge of the fragmentation functions Dh

j (x, µ).
These functions give the average probability that a
hadron h will be produced by a parton j with the hadron
having a fraction z of the parton’s energy. Fragmentation
functions, like parton distribution functions, are non-
perturbative objects with perturbative evolution equa-
tions which simplify in moment space. The Mellin mo-
ments are defined by

D̃h
q (ν, µ) =

∫ 1

0
dxxνDh

q (x, µ) , (2)

which evolve through local renormalization group equa-
tions, just like the moments of parton distribution func-
tions.
We first consider the average value of the jet charge

〈Qi
κ〉 =

1

σjet

∫
dσQi

κ =

∫
dz zκ

∑

h

Qh
1

σjet

dσh∈jet

dz
, (3)

where z = Eh/Ejet is the fraction of the jet’s energy the

hadron carries. For narrow jets z ∼ phT /p
jet
T .

To connect to the fragmentation functions, we first ob-
serve that for κ > 0 the the charge is dominated by
collinear and not soft radiation. Thus the contributions
of the hard and soft sectors of phase space, while con-
tributing to the formation of the jet, should have a sup-
pressed effect on Qi

κ. We can therefore use the fragment-
ing jet functions introduced in Refs. [13, 14] to write

1

σjet

dσh∈jet

dz
=

1

16π3

∑

j

∫ 1

z

dx

x

Jij(E,R, z
x
, µ)

Ji(E,R, µ)
Dh

j (x, µ) .

(4)
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Figure 1: The distribution of the sum of the jet charges from the two daughter candidates in hadronic W
boson decays in semileptonic tt̄ events. The plot on the left is obtained with pT weighting factor  = 1.0
and the right plot with  = 0.3. Events with a µ± correspond to a hadronically-decaying W⌥. The bottom
panels show the data/MC ratios with the bands giving the systematic uncertainties described in the text.

combinatorial background. The right plot in Fig. 2 shows the positive W e�ciency for di↵erent numbers
of jets in the event. Jets are required to be above 25 GeV in pT , pass the JVF requirements stated in the
beginning of Section 3, and have |⌘| < 2.5. For example, for a fixed positive W e�ciency of 50%, the
rejection of negative W increases by 20% when the jet multiplicity decreases from six to four.

4.1 Charge Reconstruction Performance

The MC generation record (“MC truth”) can be used to study the dijet charge detector response, defined
as the di↵erence between the reconstructed and the true dijet charge in simulated events. Truth jets
are clustered using the same algorithm and distance parameter as reconstructed jets; the clustering is
performed with all stable interacting particles including muons. The truth jet charge is calculated using
the particles’ true charge and pT. The top row of Fig. 3 shows the mean dijet charge response versus the
dijet track multiplicity for two values of  in tt̄ MC events. The response is close to zero and constant
with respect to the number of tracks. However, the resolution, parameterized by the distribution RMS,
does depend on the number of tracks, as can be seen for the same values of  in the bottom row of Fig. 3.
As expected, the RMS tends to decrease with the number of tracks as fluctuations about the mean are
suppressed. However, this trend is less evident at lower  where the individual contribution to the jet
charge from any one track is decreased. There is also a strong correlation between pT and number of
tracks, which can further weaken the decreasing trend at high track multiplicity. The top row of Fig. 4
shows the mean response as a function of the hadronic W pT , defined as the transverse momentum of the
dijet system formed from the W daughter candidates. As with track multiplicity, the response is constant
around zero (indicating very good agreement between the reconstructed and the true values), while the
RMS (bottom row of Fig. 4) decreases with the W boson pT .
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677 DGLAP equations
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MSTW parton distribution functions [Martin et al., 2009] are shown for various
partons. The central values for xfi (x, µ) are shown for u, d, g and ū. The factorization
scale µ = 2GeV is used on the left and µ = 200GeV is used on the right. The sea
quark PDFs other than ū are not shown; they are qualitatively similar to the ū PDF.

scale (scale dependence of the PDFs will be discussed shortly). The remainder of the proton
momentum is in sea quarks (meaning s, c or b quarks and d̄, ū, c̄, s̄ or b̄ antiquarks).
In practice, the PDFs are determined not just from deep inelastic scattering, but from

many other high-energy processes, such as pp̄ and pp collisions. There are a number of
different groups that perform global fits to PDFs. The fits differ by the way they weight
different contributions, the order in αs at which the associated perturbative calculations are
performed, and how the PDFs are parametrized. Example parton distributions are shown
in Figure 32.1.

32.2 DGLAP equations

We have seen that qualitatively correct features of deep inelastic scattering, such as Bjorken
scaling and the Callan-Gross relation, follow from the parton model. However, one can
see already in Figure 32.2 that Bjorken scaling does not quite hold – there is some weak
(logarithmic)Q2 dependence visible in the structure function. In this section, we will show
how the logarithmicQ2 dependence can be calculated by combining the parton model with
perturbative QCD. Thus, for now, we will continue to assume the parton model holds, so
that the e−p+ cross section is given by a sum of parton-scattering rates, with the initial
parton’s energy given by classical probability functions fi (ξ). In the next section, we will
discuss to what extent the parton model itself can be proven within QCD.
In Eq. (32.10) we wrote the e−p+ → e−X cross section in terms of the leptonic tensor

Lµν and the hadronic tensorWµν (x,Q), with the hadronic tensor given by |M (γ"p+ → X)|2

integrated over final states, as in Eq. (32.12). Let us write Ŵµν(z,Q) as the partonic ver-
sion of Wµν (x,Q), given by |M (γ"q → X)|2 integrated over final states. Here z is the
partonic version of x:

z ≡ Q2

2pi · q
(32.30)

Larger x: quark-gluon dominates 

Small x: proton mostly gluon 

27 Gluon scattering and the
spinor-helicity formalism

Matrix element and cross section calculations in QCD increase in complexity extremely
fast. For example, consider the process gg → gg. At tree-level gg → gg gets contributions
from Feynman diagrams with gluons being exchanged in the s, t and u channels, and from
diagrams with the 4-point vertex. The s channel diagram gives (in Feynman gauge)

iMs (p1p2 → p3p4) =
↗ p3p1 ↘

p2 ↗ ↘ p4

q →

ε3; cε1; a

ε2; b ε4; d

= −ig
2
s

s
fabef cde [(ε1 · ε2) (p1 − p2)

µ + εµ2 (p2 + q) · ε1 + εµ1 (−q − p1) · ε2]

×
[
(ε!4 · ε!3) (p4 − p3)

µ + ε!µ3 (p3 + q) · ε!4 + ε!µ4 (−q − p4) · ε!3
]
(27.1)

where q = p1 + p2 = p3 + p4. We can simplify this a little, using transversality of the
gluons, pi · εi = 0, but not much. The answer is still a mess

Ms (p1p2 → p3p4) = −
g2s
s
fabef cde

× { − 4ε1 · ε!3ε2 · p1p3 · ε!4 +2ε1 · ε2ε!3 · p1ε!4 · p3− 2ε1 · p4ε2 · p1ε!3 · ε!4 + ε1 · ε2p4 · p1ε!3 · ε!4
+ 4ε1 · ε!4ε2 · p1ε!3 · p4 − 2ε1 · ε2ε!3 · p4ε!4 · p1 − 2ε1 · p2ε2 · p3ε!3 · ε!4 + ε1 · ε2ε!3 · ε!4p2 · p3
+ 4ε1 · p2ε2 · ε!3ε!4 · p3 − 2ε1 · ε2ε3 · p2ε!4 · p3 + 2ε1 · p2ε2 · p4ε!3 · ε!4 − ε1 · ε2ε!3 · ε!4p4 · p2
− 4ε1 · p2ε2 · ε!4ε!3 · p4+2ε1 · ε2ε!3 · p4ε!4 · p2+2ε1 · p3ε2 · p1ε!3 · ε!4− ε1 · ε2ε!3 · ε!4p1 · p3 }

(27.2)

To get the cross section, you would also need to compute the crossed diagrams, add the
4-point vertex, square the amplitude, sum over polarizations and simplify the color factor.
If you managed to do all that, adding all 1,000 or so terms, summing over final states and
averaging over initial states you would find

1

256

∑

pols
cols

|M|2 = g4s
9

2

(
3− tu

s2
− su

t2
− st

u2

)
(27.3)

which is remarkably simple.
Why are the matrix elements for gluon scattering such a mess and the final answer so

simple? The root of the problem is our insistence on manifest locality. In fact, the entire
formalism of quantum field theory that we have developed so far is based on describing
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FIG. 4. Sum of jet charges of the two non b-jets in semi-
leptonic tt̄ events with a positively (solid) or negatively
(dashed) charged lepton.

Another sample of interest for validating jet charge is
hadronically decayingW bosons coming from top decays.
In a semi-leptonic tt̄ sample, the leptonically decaying
W can be used to determine the two charges of the jets
from the hadronically decaying W . The distributions of
these charges can then be compared to expectations, an
example comparison is shown in Fig. ??. Validating this
simulation on data would establish weighted jet charge
as a trustworthy tool, which could then be used for new
physics applications. Perhaps it could even be employed
within the context of W decays to help with top-tagging
or W polarization measurements.

Next, we consider the e↵ects of pile-up and contam-
ination on jet charge. One might worry that at high
luminosity jet charge would be diluted by pile-up events,
as up to O(100) proton-proton collisions can take place in
the same bunch crossing. However, the products of these
interactions tend to be soft, and are thus assigned little
weight as long as  is not too small. Further, charged
particles can be traced to their collision vertex allowing
most contamination to be removed. Finally, jet grooming
techniques like trimming [? ] can be applied to further
reduce contamination. We present a comparison of ef-
fects of contamination and techniques to mitigate it in
Fig. ??.

Having demonstrated the practicality of jet charge for
new physics searches and proposed ways to validate it on
standard model data, we now turn to the feasibility of
systematically improvable jet charge calculations. While
Monte-Carlo programs like pythia often provide an ex-
cellent approximation to full quantum chromodynamics,
they are only valid to leading-order in perturbation the-
ory including the resummation of leading Sudakov double
logarithms [? ].

A precise calculation of jet charge is challenging be-
cause it is not an infrared-safe quantity. Jet charge is
sensitive to hadronization and cannot be calculated with-
out knowledge of the fragmentation functions D

h

j

(x, µ).
These functions give the average probability that a
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FIG. 5. Comparison of W

0 vs. Z

0 discrimination subject
to contamination from initial state radiation (ISR), multiple
interactions (MI), and pile-up events. We also show the result
with and without jet trimming (Rsub = 0.2, fcut = 0.02).

hadron h will be produced by a parton j with the hadron
having a fraction z of the parton’s energy. Fragmentation
functions, like parton distribution functions, are non-
perturbative objects with perturbative evolution equa-
tions which simplify in moment space. The Mellin mo-
ments are defined by
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which evolve through local renormalization group equa-
tions, just like the moments of parton distribution func-
tions.
We first consider the average value of the jet charge
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To connect to the fragmentation functions, we first ob-

serve that for  > 0 the the charge is dominated by
collinear and not soft radiation. Thus the contributions
of the hard and soft sectors of phase space, while con-
tributing to the formation of the jet, should have a sup-
pressed e↵ect on Qi
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. We can therefore use the fragment-
ing jet functions introduced in Refs. [? ? ] to write
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of calculable coe�cients which depend on the jet defini-
tion and flavor i of the hard parton originating the jet.
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this ratio. Therefore
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FIG. 4. Sum of jet charges of the two non b-jets in semi-
leptonic tt̄ events with a positively (solid) or negatively
(dashed) charged lepton.

Another sample of interest for validating jet charge is
hadronically decayingW bosons coming from top decays.
In a semi-leptonic tt̄ sample, the leptonically decaying
W can be used to determine the two charges of the jets
from the hadronically decaying W . The distributions of
these charges can then be compared to expectations, an
example comparison is shown in Fig. ??. Validating this
simulation on data would establish weighted jet charge
as a trustworthy tool, which could then be used for new
physics applications. Perhaps it could even be employed
within the context of W decays to help with top-tagging
or W polarization measurements.

Next, we consider the e↵ects of pile-up and contam-
ination on jet charge. One might worry that at high
luminosity jet charge would be diluted by pile-up events,
as up to O(100) proton-proton collisions can take place in
the same bunch crossing. However, the products of these
interactions tend to be soft, and are thus assigned little
weight as long as  is not too small. Further, charged
particles can be traced to their collision vertex allowing
most contamination to be removed. Finally, jet grooming
techniques like trimming [? ] can be applied to further
reduce contamination. We present a comparison of ef-
fects of contamination and techniques to mitigate it in
Fig. ??.

Having demonstrated the practicality of jet charge for
new physics searches and proposed ways to validate it on
standard model data, we now turn to the feasibility of
systematically improvable jet charge calculations. While
Monte-Carlo programs like pythia often provide an ex-
cellent approximation to full quantum chromodynamics,
they are only valid to leading-order in perturbation the-
ory including the resummation of leading Sudakov double
logarithms [? ].

A precise calculation of jet charge is challenging be-
cause it is not an infrared-safe quantity. Jet charge is
sensitive to hadronization and cannot be calculated with-
out knowledge of the fragmentation functions D

h

j

(x, µ).
These functions give the average probability that a
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hadron h will be produced by a parton j with the hadron
having a fraction z of the parton’s energy. Fragmentation
functions, like parton distribution functions, are non-
perturbative objects with perturbative evolution equa-
tions which simplify in moment space. The Mellin mo-
ments are defined by
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tions, just like the moments of parton distribution func-
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serve that for  > 0 the the charge is dominated by
collinear and not soft radiation. Thus the contributions
of the hard and soft sectors of phase space, while con-
tributing to the formation of the jet, should have a sup-
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Knowing the charge of the parton initiating a light-quark jet could be extremely useful both for
testing aspects of the Standard Model and for characterizing potential beyond-the-Standard-Model
signals. We show that despite the complications of hadronization and out-of-jet radiation such as
pile-up, a weighted sum of the charges of a jet’s constituents can be used at the LHC to distinguish
among jets with different charges. Potential applications include measuring electroweak quantum
numbers of hadronically decaying resonances or supersymmetric particles, as well as Standard Model
tests, such as jet charge in dijet events or in hadronically-decaying W bosons in tt̄ events. We
develop a systematically improvable method to calculate moments of these charge distributions by
combining multi-hadron fragmentation functions with perturbative jet functions and pertubative
evolution equations. We show that the dependence on energy and jet size for the average and width
of the jet charge can be calculated despite the large experimental uncertainty on fragmentation
functions. These calculations can provide a validation tool for data independent of Monte-Carlo
fragmentation models.

The Large Hadron Collider (LHC) at CERN provides
an opportunity to explore properties of the Standard
Model in unprecedented detail and to search for physics
beyond the Standard Model in previously unfathomable
ways. The exquisite detectors at atlas and cms let us
go beyond treating jets simply as 4-momenta to treating
them as objects with substructure and quantum num-
bers. A traditional example is whether a jet was likely
to have originated from a b-parton. At the LHC, one
can additionally explore whether a jet has subjet con-
stituents, as from a boosted heavy object decay [1, 2],
or whether it originated from a quark or gluon [3]. See
Ref. [4] for a recent review of jet substructure. Here we
consider the feasibility of measuring the electric charge
of a jet.

The idea of correlating a jet-based observable to the
charge of the underlying hard parton has a long his-
tory. In an effort to determine the extent to which jets
from hadron collisions were similar to jets from leptonic
collisions, Field and Feynman [5] argued that aggregate
jet properties such as jet charge could be measured and
compared. The subsequent measurement at Fermilab [6]
and CERN [7] in charged-current deep-inelastic scatter-
ing experiments showed clear up- and down-quark jet
discrimination, confirming aspects of the parton model.
Another important historical application was the light-
quark forward-backward asymmetry in e+e− collisions, a
precision electroweak observable [8]. Despite its histori-
cal importance, there seem to have been no attempts yet
at measuring the charge of light-quark jets at the LHC.

Most experimental studies of jet charge measured vari-
ants of a momentum-weighted jet charge. We define the

pT -weighted jet charge for a jet of flavor i as

Qi
κ =

1

(pjetT )κ

∑

j∈jet

Qj(p
j
T )

κ (1)

where the sum is over all particles in the jet, Qj is the

integer charge of the color-neutral object observed, pjT
is the magnitude of its transverse momentum and κ is a
free parameter. A common variant uses energy instead
of pT . Values of κ between 0.2 and 1 have been used in
experimental studies [6, 8].
In hadron-hadron collisions at high energy, such as at

the LHC, the particle multiplicities in the final state are
significantly larger than at low energy and at e+e− or

FIG. 1. Distributions of Qi
κ for various parton flavors with

pjet
T

= 500 GeV and κ = 0.5, 1.
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FIG. 4. Sum of jet charges of the two non b-jets in semi-
leptonic tt̄ events with a positively (solid) or negatively
(dashed) charged lepton.

Another sample of interest for validating jet charge is
hadronically decayingW bosons coming from top decays.
In a semi-leptonic tt̄ sample, the leptonically decaying
W can be used to determine the two charges of the jets
from the hadronically decaying W . The distributions of
these charges can then be compared to expectations, an
example comparison is shown in Fig. ??. Validating this
simulation on data would establish weighted jet charge
as a trustworthy tool, which could then be used for new
physics applications. Perhaps it could even be employed
within the context of W decays to help with top-tagging
or W polarization measurements.

Next, we consider the e↵ects of pile-up and contam-
ination on jet charge. One might worry that at high
luminosity jet charge would be diluted by pile-up events,
as up to O(100) proton-proton collisions can take place in
the same bunch crossing. However, the products of these
interactions tend to be soft, and are thus assigned little
weight as long as  is not too small. Further, charged
particles can be traced to their collision vertex allowing
most contamination to be removed. Finally, jet grooming
techniques like trimming [? ] can be applied to further
reduce contamination. We present a comparison of ef-
fects of contamination and techniques to mitigate it in
Fig. ??.

Having demonstrated the practicality of jet charge for
new physics searches and proposed ways to validate it on
standard model data, we now turn to the feasibility of
systematically improvable jet charge calculations. While
Monte-Carlo programs like pythia often provide an ex-
cellent approximation to full quantum chromodynamics,
they are only valid to leading-order in perturbation the-
ory including the resummation of leading Sudakov double
logarithms [? ].

A precise calculation of jet charge is challenging be-
cause it is not an infrared-safe quantity. Jet charge is
sensitive to hadronization and cannot be calculated with-
out knowledge of the fragmentation functions D

h

j

(x, µ).
These functions give the average probability that a

0.0 0.5 1.0 1.5 2.0


1

2

3

4

5

6

S
i
g
n
i
fi
c
a
n
c
e

W’ vs. Z’, 50 events

FSR only

FSR+MI+ISR

FSR+MI+ISR+trim

Npileup=10

Npileup=10 +trim

FIG. 5. Comparison of W
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hadron h will be produced by a parton j with the hadron
having a fraction z of the parton’s energy. Fragmentation
functions, like parton distribution functions, are non-
perturbative objects with perturbative evolution equa-
tions which simplify in moment space. The Mellin mo-
ments are defined by
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which evolve through local renormalization group equa-
tions, just like the moments of parton distribution func-
tions.
We first consider the average value of the jet charge
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where z = E
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hadron carries. For narrow jets z ⇠ p
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To connect to the fragmentation functions, we first ob-

serve that for  > 0 the the charge is dominated by
collinear and not soft radiation. Thus the contributions
of the hard and soft sectors of phase space, while con-
tributing to the formation of the jet, should have a sup-
pressed e↵ect on Qi



. We can therefore use the fragment-
ing jet functions introduced in Refs. [? ? ] to write
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Here J
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(E,R, µ) is a jet function and J
ij

(E,R, x, µ) a set
of calculable coe�cients which depend on the jet defini-
tion and flavor i of the hard parton originating the jet.
The hard and soft contributions conveniently cancel in
this ratio. Therefore
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Here Ji(E,R, µ) is a jet function and Jij(E,R, x, µ) a set
of calculable coefficients which depend on the jet defini-
tion and flavor i of the hard parton originating the jet.
The hard and soft contributions conveniently cancel in
this ratio. Therefore

〈Qq
κ〉 =

1

16π3

J̃qq(E,R,κ, µ)

Jq(E,R, µ)

∑

h

QhD̃
h
q (κ, µ) , (5)

with J̃ij related to Jij by a Mellin-transform as in

Eq. (2). By charge conjugation
∑

h QhD̃h
q (κ, µ) = 0,

so in particular 〈Qg
κ〉 = 0. We have checked that the

µ-dependence of Jij/Ji exactly compensates for the µ-
dependance of the fragmentation functions at order αs.
We have written both Ji(E,R, µ) and Jij(E,R, x, µ)

as if they depend on the energy E and size R of the
jet, however, these functions only give a valid description
to leading power of a single scale corresponding to the
transverse size of the jet. Here we use the e+e− version
of anti-kT jets of size R, for which the natural scale is
µj = 2E tan(R/2) [15]. We can therefore calculate the
average jet charge by evaluating the Mellin-moments of
fragmentation functions at the scale µj and multiplying
by the jet functions.
Since only one linear combination of fragmentation

functions appears in Eq.(5), the theoretical prediction
is not significantly limited by the large uncertainty on
Dh

j (κ, µ). One can simply measure Dh
j (κ, µ) by observ-

ing the average jet charge for each flavor at one value for
µ and then using the theoretical calculation to predict
it at other values. In the absence of data, we simulate
such a comparison using pythia. The result is shown in
Figure 7 for various values of κ and R, and normalized at
a reference point. Already we can see a clear agreement
between the theory and pythia.
To calculate other properties of the jet charge dis-

tribution requires correlations among hadrons. For ex-
ample, we can consider the width of the jet charge,
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The first term on the right hand side can be expressed
in terms of products of fragmentation functions and jet
functions as for

〈
Qi
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〉
. The second term can be expressed

in terms of something we call a dihadron fragmenting jet
function, Gh1h2

i . Its matching onto (dihadron) fragmen-
tation functions is given by
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The second term is due to a perturbative parton splitting
before hadronization and only starts at 1-loop order,

J (1)
ijk (E,R, u, v, µ) = J (1)

ij (E,R, u, µ)δ(1−u−v)δk,a(ij) ,

(9)
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Here Ji(E,R, µ) is a jet function and Jij(E,R, x, µ) a set
of calculable coefficients which depend on the jet defini-
tion and flavor i of the hard parton originating the jet.
The hard and soft contributions conveniently cancel in
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so in particular 〈Qg
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µ-dependence of Jij/Ji exactly compensates for the µ-
dependance of the fragmentation functions at order αs.
We have written both Ji(E,R, µ) and Jij(E,R, x, µ)

as if they depend on the energy E and size R of the
jet, however, these functions only give a valid description
to leading power of a single scale corresponding to the
transverse size of the jet. Here we use the e+e− version
of anti-kT jets of size R, for which the natural scale is
µj = 2E tan(R/2) [15]. We can therefore calculate the
average jet charge by evaluating the Mellin-moments of
fragmentation functions at the scale µj and multiplying
by the jet functions.
Since only one linear combination of fragmentation

functions appears in Eq.(5), the theoretical prediction
is not significantly limited by the large uncertainty on
Dh

j (κ, µ). One can simply measure Dh
j (κ, µ) by observ-

ing the average jet charge for each flavor at one value for
µ and then using the theoretical calculation to predict
it at other values. In the absence of data, we simulate
such a comparison using pythia. The result is shown in
Figure 7 for various values of κ and R, and normalized at
a reference point. Already we can see a clear agreement
between the theory and pythia.
To calculate other properties of the jet charge dis-

tribution requires correlations among hadrons. For ex-
ample, we can consider the width of the jet charge,
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where the sum runs over all hadronic final states. After
integrating over most of the zi and including a factor of
1
2 for identical hadrons, this simplifies to
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The first term on the right hand side can be expressed
in terms of products of fragmentation functions and jet
functions as for
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in terms of something we call a dihadron fragmenting jet
function, Gh1h2

i . Its matching onto (dihadron) fragmen-
tation functions is given by
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The second term is due to a perturbative parton splitting
before hadronization and only starts at 1-loop order,

J (1)
ijk (E,R, u, v, µ) = J (1)

ij (E,R, u, µ)δ(1−u−v)δk,a(ij) ,

(9)

•  Moments of charge distribution 
             calculable from moments of fragmentation functions 

•  Evolution of these moments tests precision QCD 

Krohn, Lin, MDS, Waalewijn 
 Phys.Rev.Lett. 110 (2013) 212001  

1.  Verify dijet charge (2->2 cross sections and PDFs) 
2.  Observe new form of scaling violation  
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FIG. 4. Sum of jet charges of the two non b-jets in semi-
leptonic tt̄ events with a positively (solid) or negatively
(dashed) charged lepton.

Another sample of interest for validating jet charge is
hadronically decayingW bosons coming from top decays.
In a semi-leptonic tt̄ sample, the leptonically decaying
W can be used to determine the two charges of the jets
from the hadronically decaying W . The distributions of
these charges can then be compared to expectations, an
example comparison is shown in Fig. ??. Validating this
simulation on data would establish weighted jet charge
as a trustworthy tool, which could then be used for new
physics applications. Perhaps it could even be employed
within the context of W decays to help with top-tagging
or W polarization measurements.

Next, we consider the e↵ects of pile-up and contam-
ination on jet charge. One might worry that at high
luminosity jet charge would be diluted by pile-up events,
as up to O(100) proton-proton collisions can take place in
the same bunch crossing. However, the products of these
interactions tend to be soft, and are thus assigned little
weight as long as  is not too small. Further, charged
particles can be traced to their collision vertex allowing
most contamination to be removed. Finally, jet grooming
techniques like trimming [? ] can be applied to further
reduce contamination. We present a comparison of ef-
fects of contamination and techniques to mitigate it in
Fig. ??.

Having demonstrated the practicality of jet charge for
new physics searches and proposed ways to validate it on
standard model data, we now turn to the feasibility of
systematically improvable jet charge calculations. While
Monte-Carlo programs like pythia often provide an ex-
cellent approximation to full quantum chromodynamics,
they are only valid to leading-order in perturbation the-
ory including the resummation of leading Sudakov double
logarithms [? ].

A precise calculation of jet charge is challenging be-
cause it is not an infrared-safe quantity. Jet charge is
sensitive to hadronization and cannot be calculated with-
out knowledge of the fragmentation functions D

h

j

(x, µ).
These functions give the average probability that a
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FIG. 5. Comparison of W

0 vs. Z

0 discrimination subject
to contamination from initial state radiation (ISR), multiple
interactions (MI), and pile-up events. We also show the result
with and without jet trimming (Rsub = 0.2, fcut = 0.02).

hadron h will be produced by a parton j with the hadron
having a fraction z of the parton’s energy. Fragmentation
functions, like parton distribution functions, are non-
perturbative objects with perturbative evolution equa-
tions which simplify in moment space. The Mellin mo-
ments are defined by

e
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(x, µ) , (2)

which evolve through local renormalization group equa-
tions, just like the moments of parton distribution func-
tions.
We first consider the average value of the jet charge
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hadron carries. For narrow jets z ⇠ p
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.
To connect to the fragmentation functions, we first ob-

serve that for  > 0 the the charge is dominated by
collinear and not soft radiation. Thus the contributions
of the hard and soft sectors of phase space, while con-
tributing to the formation of the jet, should have a sup-
pressed e↵ect on Qi



. We can therefore use the fragment-
ing jet functions introduced in Refs. [? ? ] to write
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Here J

i

(E,R, µ) is a jet function and J
ij

(E,R, x, µ) a set
of calculable coe�cients which depend on the jet defini-
tion and flavor i of the hard parton originating the jet.
The hard and soft contributions conveniently cancel in
this ratio. Therefore

hQq



i = 1

16⇡3

eJ
qq

(E,R,, µ)

J
q

(E,R, µ)

X

h

Q

h

e
D

h

q

(, µ) , (5)

Effect of multiple interactions/pileup not bad 
•  Tracks from primary interaction vertex part of motivation 
•  Could be extremely useful tool at high luminosity 

pileup 

trimming 
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•  pT weighted jet charge remarkably useful at LHC 

•  Uses only tracks 
•  Insensitive to pileup 
•  Can be used at high luminosity 

•  Most information in average and width 

•  Has been validated on W jets from top decays 
•  Has been tested on dijets 

•  Quark/Gluon/Flavor content measurable (statistically) 
•  Unfolded data will show 

•  Tests precision QCD 
•  Gluons are at small x, valence quarks at large x 
•  First measurement of scaling violation in charge moments 

 

3

FIG. 4. Sum of jet charges of the two non b-jets in semi-
leptonic tt̄ events with a positively (solid) or negatively
(dashed) charged lepton.

Another sample of interest for validating jet charge is
hadronically decayingW bosons coming from top decays.
In a semi-leptonic tt̄ sample, the leptonically decaying
W can be used to determine the two charges of the jets
from the hadronically decaying W . The distributions of
these charges can then be compared to expectations, an
example comparison is shown in Fig. ??. Validating this
simulation on data would establish weighted jet charge
as a trustworthy tool, which could then be used for new
physics applications. Perhaps it could even be employed
within the context of W decays to help with top-tagging
or W polarization measurements.

Next, we consider the e↵ects of pile-up and contam-
ination on jet charge. One might worry that at high
luminosity jet charge would be diluted by pile-up events,
as up to O(100) proton-proton collisions can take place in
the same bunch crossing. However, the products of these
interactions tend to be soft, and are thus assigned little
weight as long as  is not too small. Further, charged
particles can be traced to their collision vertex allowing
most contamination to be removed. Finally, jet grooming
techniques like trimming [? ] can be applied to further
reduce contamination. We present a comparison of ef-
fects of contamination and techniques to mitigate it in
Fig. ??.

Having demonstrated the practicality of jet charge for
new physics searches and proposed ways to validate it on
standard model data, we now turn to the feasibility of
systematically improvable jet charge calculations. While
Monte-Carlo programs like pythia often provide an ex-
cellent approximation to full quantum chromodynamics,
they are only valid to leading-order in perturbation the-
ory including the resummation of leading Sudakov double
logarithms [? ].

A precise calculation of jet charge is challenging be-
cause it is not an infrared-safe quantity. Jet charge is
sensitive to hadronization and cannot be calculated with-
out knowledge of the fragmentation functions D

h

j

(x, µ).
These functions give the average probability that a
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FIG. 5. Comparison of W

0 vs. Z

0 discrimination subject
to contamination from initial state radiation (ISR), multiple
interactions (MI), and pile-up events. We also show the result
with and without jet trimming (Rsub = 0.2, fcut = 0.02).

hadron h will be produced by a parton j with the hadron
having a fraction z of the parton’s energy. Fragmentation
functions, like parton distribution functions, are non-
perturbative objects with perturbative evolution equa-
tions which simplify in moment space. The Mellin mo-
ments are defined by
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which evolve through local renormalization group equa-
tions, just like the moments of parton distribution func-
tions.
We first consider the average value of the jet charge
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hadron carries. For narrow jets z ⇠ p
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To connect to the fragmentation functions, we first ob-

serve that for  > 0 the the charge is dominated by
collinear and not soft radiation. Thus the contributions
of the hard and soft sectors of phase space, while con-
tributing to the formation of the jet, should have a sup-
pressed e↵ect on Qi
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. We can therefore use the fragment-
ing jet functions introduced in Refs. [? ? ] to write
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Here J
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(E,R, µ) is a jet function and J
ij

(E,R, x, µ) a set
of calculable coe�cients which depend on the jet defini-
tion and flavor i of the hard parton originating the jet.
The hard and soft contributions conveniently cancel in
this ratio. Therefore
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with eJ
ij

related to J
ij

by a Mellin-transform as in

Eq. (??). By charge conjugation
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so in particular hQg
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i = 0. We have checked that the
µ-dependence of J
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exactly compensates for the µ-
dependance of the fragmentation functions at order ↵
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We have written both J
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(E,R, µ) and J
ij

(E,R, x, µ)
as if they depend on the energy E and size R of the
jet, however, these functions only give a valid description
to leading power of a single scale corresponding to the
transverse size of the jet. Here we use the e
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� version
of anti-k
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jets of size R, for which the natural scale is
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= 2E tan(R/2) [? ]. We can therefore calculate the
average jet charge by evaluating the Mellin-moments of
fragmentation functions at the scale µ

j

and multiplying
by the jet functions.

Since only one linear combination of fragmentation
functions appears in Eq.(??), the theoretical prediction
is not significantly limited by the large uncertainty on
D
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(, µ). One can simply measure D

h
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(, µ) by observ-
ing the average jet charge for each flavor at one value for
µ and then using the theoretical calculation to predict it
at other values. In the absence of data, we simulate such
a comparison using pythia. The result is shown in Fig-
ure ?? for various values of  and R, and normalized at
a reference point. Already we can see a clear agreement
between the theory and pythia.

To calculate other properties of the jet charge dis-
tribution requires correlations among hadrons. For ex-
ample, we can consider the width of the jet charge,
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where the sum runs over all hadronic final states. After
integrating over most of the z
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The first term on the right hand side can be expressed
in terms of products of fragmentation functions and jet
functions as for
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. The second term can be expressed

in terms of something we call a dihadron fragmenting jet
function, Gh1h2
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. Its matching onto (dihadron) fragmen-
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The second term is due to a perturbative parton splitting
before hadronization and only starts at 1-loop order,
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where �

k,a(ij) indicates that the flavor k is completely
fixed by ij. E.g. a(qq) = g, a(gq) = q̄. We then find
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(For a gluon jet, which we do not consider here, there is a
contribution from the last line of Eq. (??) corresponding



OTHER IDEAS IN  
JET SUBSTRUCTURE 

September 19, 2013 Matthew Schwartz 



Qjets: sample multiple interpretations 

2

assigned to the trees is reduced and we find that we can
use process-independent weights.

The idea we have described – associating a weighted
set of trees to a jet – would not be feasible if one had to
consider every tree which could be formed from a given
set of final state four-momenta in a jet. Fortunately, good
approximations to such weighted distributions obtained
using every tree can be captured through a procedure
analogous to Monte-Carlo integration, allowing us to use
a very small fraction of the trees. This can be achieved
since infrared and collinear safe jet observables must be
insensitive to small reshu✏ings of the momenta, implying
that large classes of trees give very similar information.

The algorithm we propose, which assembles a tree via
a series of 2 ! 1 mergings, functions as follows:

1. At every stage of clustering, a set of weights !ij for
all pairs hiji of the four-vectors is computed, and
a probability ⌦ij = !ij/N , where N =

P
hiji

!ij is
assigned to each pair.

2. A random number is generated and used to choose
a pair hiji with probability ⌦ij . The chosen pair
is merged, and the procedure is repeated until all
particles all clustered.

This algorithm directly produces trees distributed ac-
cording to their weight

Q
mergings

⌦ij . To produce a dis-
tribution of the observable for each jet, this algorithm is
simply repeated a number of times, yielding a di↵erent
tree (essentially) every time. Note that any algorithm
which modifies a tree during its construction (e.g., jet
pruning) can be adapted to work with this procedure as
demonstrated below.

One particularly interesting class of weights !(↵)

ij ,
parametrized by a continuous real number ↵ we term
rigidity is given by

!(↵)

ij ⌘ exp

⇢
�↵

(dij � dmin)

dmin

�
. (1)

Here, dij is the jet distance measure for the hiji pair,
e.g.,

dij =

(
d
kT ⌘ min{p2

Ti, p
2

Tj}�R2

ij

d
C/A

⌘ �R2

ij

, (2)

where �R2

ij = �y2

ij + ��2

ij , and dmin is the minimum
over all pairs at this stage in the clustering. Note that
with this metric, our algorithm reduces to a traditional
clustering algorithm of the type defined by the distance
dij when ↵ ! 1, i.e., in that limit the minimal dij is
always chosen. In this sense, it is helpful to think of
the traditional, single tree algorithm as the “classical”
approach, and ↵ ⇠ 1/~ controlling the deviation from
the “classical” clustering behavior. With this analogy,
we call the trees constructed in this non-deterministic

FIG. 1. Distribution of pruned jet mass for a single boosted
QCD-jet in a single event with pT ⇠ 500 GeV. The black
and red solid lines show the classical pruned masses when
C/A and kT algorithms are used to cluster the jet. The black
and dashed (red and dot-dashed) line shows the pruned jet
mass distribution of 1000 Qjets (constructed from the same
jet in the same event), when the C/A (kT) measure is used
in Eq. (1). These distributions result from clusterings with
rigidity ↵ = 1.0 (top) and ↵ = 0.01 (bottom).

fashion Qjets (“quantum” jet) and the number of trees
used N

Qjet

.
We now demonstrate, as an illustrative example, how

the use of Qjets can have important e↵ects in an analy-
sis employing jet pruning to study hadronically decaying
boosted W s. As described in Ref. [6] pruning is one of the
jet grooming tools [7] used to sharpen signal and reduce
background when considering boosted heavy objects. It
functions by modifying the mergings in a given tree that
involve both a large angular separation and asymmetric
energy sharing by removing the lower energy daughter
from the tree. In detail, if a clustering algorithm at-
tempts to cluster two four-momenta i and j which satisfy

zij ⌘ min
�
pTi , pTj

�

| ~pTi + ~pTj |
< z

cut

and

�Rij > D
cut

,

(3)

then the merging is vetoed and the softer of the two four-
momenta is discarded. By applying jet pruning to a set

QCD jets (one event) 
W jets (one event) 
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Figure 1: The top-left panel shows the ⌘⇥� plot of a simulated pp ! �� ! gggg event at the LHC,
with m� = 500 GeV. The top middle panel shows the jet areas associated with the four jets which
best reconstruct the event using the classical anti-kT algorithm (see Sec. 6.4). The colors show the
detector elements where zero-energy ghost particles would get clustered into each jet. The remaining
plots show the frequency with which a cell is clustered into one of the four jets which best reconstruct
each event for di↵erent choices of ↵. Blue squares indicate a cell is nearly always included amongst
the four hardest jets, green squares indicate that the cell is included roughly half the time, while pink
indicates a cell is only rarely included. The same event is shown in all plots.

3 Overlapping jets and jet area

Before applying Qanti-kT to a signal/background discrimination task, we can explore how it di↵ers
from classical algorithms. An advantage of Qanti-kT is that particles are not always clustered into the
same jets. This is particularly useful in contexts where jets overlap. With overlapping jets, classical
algorithms must assign each particle to exactly one jet. But Qanti-kT can split the particles into each
jet some fraction of the time.2

2A note on our sample composition: we generate our signal and background events using a combination of Madgraph

v5.7 [19] and Pythia v6.4 [20]. All events were generated assuming a 8 TeV LHC. We group the visible output of Pythia

into massless �⌘ ⇥ �� = 0.1 ⇥ 0.1 massless cells with |⌘| < 5. Each type of event is analyzed with both Qanti-kT and

also standard anti-kT for comparison. We use Fastjet v2.4.2 [21] to generate the standard anti-kT results.
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Figure 1: The top-left panel shows the ⌘⇥� plot of a simulated pp ! �� ! gggg event at the LHC,
with m� = 500 GeV. The top middle panel shows the jet areas associated with the four jets which
best reconstruct the event using the classical anti-kT algorithm (see Sec. 6.4). The colors show the
detector elements where zero-energy ghost particles would get clustered into each jet. The remaining
plots show the frequency with which a cell is clustered into one of the four jets which best reconstruct
each event for di↵erent choices of ↵. Blue squares indicate a cell is nearly always included amongst
the four hardest jets, green squares indicate that the cell is included roughly half the time, while pink
indicates a cell is only rarely included. The same event is shown in all plots.
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Before applying Qanti-kT to a signal/background discrimination task, we can explore how it di↵ers
from classical algorithms. An advantage of Qanti-kT is that particles are not always clustered into the
same jets. This is particularly useful in contexts where jets overlap. With overlapping jets, classical
algorithms must assign each particle to exactly one jet. But Qanti-kT can split the particles into each
jet some fraction of the time.2

2A note on our sample composition: we generate our signal and background events using a combination of Madgraph

v5.7 [19] and Pythia v6.4 [20]. All events were generated assuming a 8 TeV LHC. We group the visible output of Pythia

into massless �⌘ ⇥ �� = 0.1 ⇥ 0.1 massless cells with |⌘| < 5. Each type of event is analyzed with both Qanti-kT and

also standard anti-kT for comparison. We use Fastjet v2.4.2 [21] to generate the standard anti-kT results.
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Figure 1: The top-left panel shows the ⌘⇥� plot of a simulated pp ! �� ! gggg event at the LHC,
with m� = 500 GeV. The top middle panel shows the jet areas associated with the four jets which
best reconstruct the event using the classical anti-kT algorithm (see Sec. 6.4). The colors show the
detector elements where zero-energy ghost particles would get clustered into each jet. The remaining
plots show the frequency with which a cell is clustered into one of the four jets which best reconstruct
each event for di↵erent choices of ↵. Blue squares indicate a cell is nearly always included amongst
the four hardest jets, green squares indicate that the cell is included roughly half the time, while pink
indicates a cell is only rarely included. The same event is shown in all plots.

3 Overlapping jets and jet area

Before applying Qanti-kT to a signal/background discrimination task, we can explore how it di↵ers
from classical algorithms. An advantage of Qanti-kT is that particles are not always clustered into the
same jets. This is particularly useful in contexts where jets overlap. With overlapping jets, classical
algorithms must assign each particle to exactly one jet. But Qanti-kT can split the particles into each
jet some fraction of the time.2

2A note on our sample composition: we generate our signal and background events using a combination of Madgraph

v5.7 [19] and Pythia v6.4 [20]. All events were generated assuming a 8 TeV LHC. We group the visible output of Pythia

into massless �⌘ ⇥ �� = 0.1 ⇥ 0.1 massless cells with |⌘| < 5. Each type of event is analyzed with both Qanti-kT and

also standard anti-kT for comparison. We use Fastjet v2.4.2 [21] to generate the standard anti-kT results.
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Figure 1: The top-left panel shows the ⌘⇥� plot of a simulated pp ! �� ! gggg event at the LHC,
with m� = 500 GeV. The top middle panel shows the jet areas associated with the four jets which
best reconstruct the event using the classical anti-kT algorithm (see Sec. 6.4). The colors show the
detector elements where zero-energy ghost particles would get clustered into each jet. The remaining
plots show the frequency with which a cell is clustered into one of the four jets which best reconstruct
each event for di↵erent choices of ↵. Blue squares indicate a cell is nearly always included amongst
the four hardest jets, green squares indicate that the cell is included roughly half the time, while pink
indicates a cell is only rarely included. The same event is shown in all plots.

3 Overlapping jets and jet area

Before applying Qanti-kT to a signal/background discrimination task, we can explore how it di↵ers
from classical algorithms. An advantage of Qanti-kT is that particles are not always clustered into the
same jets. This is particularly useful in contexts where jets overlap. With overlapping jets, classical
algorithms must assign each particle to exactly one jet. But Qanti-kT can split the particles into each
jet some fraction of the time.2

2A note on our sample composition: we generate our signal and background events using a combination of Madgraph

v5.7 [19] and Pythia v6.4 [20]. All events were generated assuming a 8 TeV LHC. We group the visible output of Pythia

into massless �⌘ ⇥ �� = 0.1 ⇥ 0.1 massless cells with |⌘| < 5. Each type of event is analyzed with both Qanti-kT and

also standard anti-kT for comparison. We use Fastjet v2.4.2 [21] to generate the standard anti-kT results.

– 5 –

classical anti-kT ↵ = 10

η-2 -1.5 -1
-0.5 0 0.5

1 1.5 2
2.5 3

φ

-3
-2

-1
0

1
2

3
0

20

40

60

80

100

η
-5 -4 -3 -2 -1 0 1 2 3 4 5

φ

-3

-2

-1

0

1

2

3

η
-5 -4 -3 -2 -1 0 1 2 3 4 5

φ

-3

-2

-1

0

1

2

3

η
-5 -4 -3 -2 -1 0 1 2 3 4 5

φ

-3

-2

-1

0

1

2

3

↵ = 1.0 ↵ = 0.1 ↵ = 0.01

η
-5 -4 -3 -2 -1 0 1 2 3 4 5

φ

-3

-2

-1

0

1

2

3

η
-5 -4 -3 -2 -1 0 1 2 3 4 5

φ

-3

-2

-1

0

1

2

3

η
-5 -4 -3 -2 -1 0 1 2 3 4 5

φ

-3

-2

-1

0

1

2

3

Figure 1: The top-left panel shows the ⌘⇥� plot of a simulated pp ! �� ! gggg event at the LHC,
with m� = 500 GeV. The top middle panel shows the jet areas associated with the four jets which
best reconstruct the event using the classical anti-kT algorithm (see Sec. 6.4). The colors show the
detector elements where zero-energy ghost particles would get clustered into each jet. The remaining
plots show the frequency with which a cell is clustered into one of the four jets which best reconstruct
each event for di↵erent choices of ↵. Blue squares indicate a cell is nearly always included amongst
the four hardest jets, green squares indicate that the cell is included roughly half the time, while pink
indicates a cell is only rarely included. The same event is shown in all plots.

3 Overlapping jets and jet area

Before applying Qanti-kT to a signal/background discrimination task, we can explore how it di↵ers
from classical algorithms. An advantage of Qanti-kT is that particles are not always clustered into the
same jets. This is particularly useful in contexts where jets overlap. With overlapping jets, classical
algorithms must assign each particle to exactly one jet. But Qanti-kT can split the particles into each
jet some fraction of the time.2

2A note on our sample composition: we generate our signal and background events using a combination of Madgraph

v5.7 [19] and Pythia v6.4 [20]. All events were generated assuming a 8 TeV LHC. We group the visible output of Pythia

into massless �⌘ ⇥ �� = 0.1 ⇥ 0.1 massless cells with |⌘| < 5. Each type of event is analyzed with both Qanti-kT and

also standard anti-kT for comparison. We use Fastjet v2.4.2 [21] to generate the standard anti-kT results.
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Useful for top/W tagging 
Useful for H -> bb 
Distinguishes overlapping jets 

Interesting standard model physics 
Jet is not a parton 
Jet is not a collection of hadrons!! 

What is the right way to think about jets? 
Jets are sophisticated emergent phenomena in the standard model 
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2

subjettiness) which are sensitive to the distribution of
radiation within a jet. In this paper, we present a method
we call jet cleansing which works at high pileup, is ob-
servable independent and is remarkably e↵ective for both
kinematic and shape variables.

A new element introduced with jet cleansing beyond
current experimental techniques like CHS and JVF takes
inspiration from early successful jet substructure tech-
niques [29, 32, 33]. These methods showed the power of
finding a jet with one R and then reclustering it into jets
of smaller R. We find similarly that pileup removal can
be much more e↵ective if done on subjets with R

sub

= 0.2
or R

sub

= 0.3 rather than on full jets. Cleansing attempts
to tailor the degree of energy rescaling within a jet based
on locally measured levels of charged and neutral parti-
cles.

To produce the inputs to our algorithm, without access
to full detector simulation, we make the following ap-
proximations and assumptions. We discard all charged
particles with pT < 500 MeV. We then aggregate the
remaining particles into 0.1⇥0.1 “calorimeter cells”, dis-
carding any cells with E < 1 GeV. These calorimeter cells
are then clustered into subjets of size R

sub

. We assume
the charged particles can all be tagged as either coming
from the leading vertex or not, and we associate them
to the nearest calorimeter cell. The input to cleansing is
therefore three numbers per subjet: the total transverse
momentum, ptotT , the pT in charged particles from the

leading vertex, pC,LV

T , and the pT from charged particles

from pileup, pC,PU

T . The question jet cleansing aims to
solve is how to best extract the total momentum from
the leading vertex only, pLVµ , using these three inputs.

We propose three methods of varying sophistication
with which pLVµ can be guessed. Before explaining

them, it is helpful to define �
0

⌘ pC,PU

T /pPU

T and �
1

⌘
pC,LV

T /pLVT . While we do not know �
0

or �
1

for any par-
ticular subjet, they are constrained by

ptotT =
pC,PU

T

�
0

+
pC,LV

T

�
1

. (1)

The first method, which we call JVF cleansing sim-
ply assumes �

0

= �
1

. This is the assumption that the
charged-to-neutral ratio is the same for pileup and hard
jets. The result is that

pLVµ = ptotµ ⇥ pC,LV

T

pC,LV

T + pC,PU

T

. (2)

JVF cleansing is similar to methods ATLAS has used (on
the jet level). However, while e↵ective, JVF cleansing
omits two important e↵ects. First, there are large fluc-
tuations in both �

1

and �
0

from subjet to subjet. Thus
even if the expected values of �

0

and �
1

were the same,
this type of correction would only work on average. The
other problem is that the expected values of �

0

and �
1

are
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FIG. 2. Correlations for a kinematic variable (dijet mass,
left) and a substructure variable (jet mass, right) are shown
between events before pileup is added and after 140 pileup
interactions are added and then corrected for via subtraction
and cleansing. The top row shows the uncorrected correla-
tions, the middle rows demonstrates the performance of [27]
and [28], and the bottom row shows the performance of the
linear jet cleansing method described here.

not the same. The di↵erence is largely due the the fact
that detector resolution treats soft and hard particles,
and charged and neutral particles di↵erently.
To improve on JVF cleansing, we observe that the

�
0

distribution is determined by fragmentation follow-
ing many independent secondary collisions, while �

1

is
largely due to the fragmentation of a single hard par-
ton. Thus, the fluctuations of �

0

around its mean should
decrease with N

PU

, while the fluctuations of �
1

are N
PU

-
independent. This can be seen in Fig. 3, which shows
the �

0

distribution for events with no leading vertex for
various values of N

PU

. So an alternative to JVF cleans-
ing is to take �

0

to be a constant, called �
0

. Based on
Fig. 3, we choose �

0

= 0.55. In fact, the distribution of
�
0

is sensitive to how soft particles are handled. Ignor-
ing detector e↵ects it should be close to the isospin limit
�
0

⇠ 2/3. Since the cuts tend to throw out more charged
than neutral particles, �

0

lowers as N
PU

goes up. Ex-
perimentally, �

0

can be determined from minimum bias
events in data.
Taking �

0

= �
0

for all subjets, we can then solve Eq. (1)
for �

1

. This gives

�
1

=
pC,LV

T

ptotT � pC,PU

T /�
0

(3)

will be ESSENTIAL  
for precision QCD at high luminosity 

Jet area subtraction 
Jet shape subtraction 
Charged hadron subtraction 
Jet vertex fractioning 
Trimming 
Pruning  
Filtering 

Existing methods 

Work well 
at NPU = 20 

(new method, Krohn, Low MDS, Wang) 

140 pileup interactions 
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Gluon Efficiency % at 50GeV 200GeV

50% Quark Acceptance Particles Tracks Particles Tracks

P8 H++ P8 H++ P8 H++ P8 H++

2-Point Moment β=1/5 8.7∗ 17.8∗ 13.7∗ 22.8∗ 8.3 15.9 13.2 19.6

1-Subjettiness β=1/2 9.3 18.5 14.2 22.9 7.6 16.2 12.3 19.4∗

2-Subjettiness β=1/2 9.2 18.6 13.9 23.6 6.8 15.7∗ 9.8 18.7

3-Subjettiness β=1 9.1 19.3 14.6 24.4 5.9∗ 16.7 8.6∗ 19.5

Radial Moment β=1 (Girth) 10.3 20.5 16.1 24.9 11.2 18.9 15.3 21.9

Angularity a = +1 10.3 20.0 15.8 24.5 12.0 19.3 14.0 21.6

Det of Covariance Matrix 11.2 21.2 18.1 27.0 9.4 20.9 13.5 24.6

Track Spread:
√

< p2T >/pjetT 16.5 25.3 16.5 25.3 9.3 20.1 9.3 20.1

Track Count 17.7 26.4 17.7 26.4 8.9 21.0 8.9 21.0

Decluster with kT , ∆R 15.8 24.5 20.1 28.4 13.9 20.1 16.9 23.4

Jet m/pT for R=0.3 subjet 13.1 25.9 16.3 27.7 11.9 24.2 14.8 26.2

Planar Flow 28.7 34.4 28.7 34.4 39.6 42.9 39.6 42.9

Pull Magnitude 37.0 39.0 32.9 35.6 30.6 30.2 29.6 30.6

Track Count & Girth 9.9 20.1 13.4 23.2 7.1 17.3 7.7∗ 18.7

R=0.3 m/pT & R=0.7 2-Point β=1/5 7.9∗ 17.7 12.2∗ 22.1 5.7 14.4∗ 8.5 17.9

1-Subj β=1/2 & R=0.7 2-Point β=1/5 8.5 17.3∗ 12.9 22.1 6.0 14.6 8.6 17.7∗

Girth & R=0.7 2-Point β=1/10 12.6 21.9 12.6 21.9∗ 9.2 18.0 9.2 18.0

1-Subj β=1/2 & 3-Subj β=1 8.9 18.0 14.0 23.2 5.6∗ 15.0 8.4 18.4

Best Group of 3 7.5 17.0 11.0 20.9 4.7 14.0 6.9 16.6

Best Group of 4 7.1 16.7 10.6 20.5 4.5 13.7 6.2 16.3

Best Group of 5 6.9 16.4 10.4 20.0 4.3 13.3 6.1 15.9

Table 1. Comparison of gluon efficiencies at the 50% quark acceptance working point. All of the
single variables use R=0.5 jets, wheras combinations sometimes include R=0.7 jets. Gluon efficiencies,
rather than gluon rejections (one minus efficiencies), are shown because a fractional improvement here
is the same fractional improvement in S/B. Divided by two, it is also the fractional improvement in
S/

√
B. These scores have ±0.5% statistical errors, but they are correlated — the differences between

variables has smaller spread, as does the improvement when combining variables. Because of the large
number of variables and parameters, and the larger number of possible combinations of these, there is
definitely a look-elsewhere-type effect when choosing the top pair. Many pairs statistically tied for the
top spot in each category, so five pairs were chosen as representative. Their scores are marked with
asterisks, as are the best individual variables in each category. The best groups of 3, 4, and 5 start to
show diminishing returns.
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Single  
   variables 

Pairs of 
   variables 

3,4,5  
   variables 

Quark and gluon tagging Gallichio and MDS Phys.Rev.Lett. 107 (2011) 

Gallichio and MDS JHEP 1304 (2013) 090 

See also 
Larkoski, Salam and Thaler 
arXiv:1305.0007  

Thaler and van Tilburg 
arXiv:1011.2268 



Quark and Gluon tagging  
September 19, 2013 Matthew Schwartz 

•  Hard problem:  
  Two equivalence classes 
 

•  Discrimination easier at higher pT 

•  Using all particles works better than just charged tracks 
 
•  80-90% gluon rejection at 50% quark acceptance 
                    is realistic 

•  Pythia gives bigger Q/G difference than Herwig 
 

Shapes: Width/girth/2-point function 

Counts: # particles/subjets/ 



Data (Sep 2012) 
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13

Template method: Template method: Data measurement Data measurement   

 Relative to the last set, only the template has changed (from MC sim to data)

 Track width shows good agreement.   

 Gluon induced jet templates for n
trk

 show disagreement between data and MC 

simulation, demonstrating a MC mis-modeling of the gluon induced jet 
properties.  

13

Template method: Template method: Data measurement Data measurement   

 Relative to the last set, only the template has changed (from MC sim to data)

 Track width shows good agreement.   

 Gluon induced jet templates for n
trk

 show disagreement between data and MC 

simulation, demonstrating a MC mis-modeling of the gluon induced jet 
properties.  

Data and pythia do not agree 
For charged particle multiplicity 

    Future of Q vs G needs  
      more data and better theory 

Data 

50% 

50% 

17% 

26% 

Quark  
acceptance 

Gluon 
acceptance 

Pythia 8 

50% 

Herwig ++ 

25% 

ATLAS-CONF-2012-138 



measuring Color flows in jets 
Signal Background 
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Pull 

• Find jets (e.g. anti-kT) 
• Construct pull vector (~ dipole moment) 
       on radiation in jet 
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CDF dijet excess 
September 19, 2013 Matthew Schwartz 

W ⌫

j

ρT

πT

e,µ

j

q

q
_

Estia Eichten                          KIAS Phenomenology Workshop @ Seoul, South Korea                          November 17-19, 2011                      

Low Scale Signatures of Technicolor

• CDF observed an excess of Wjj events in the jj invariant moss region 120-160 GeV 
with a cross section about 4 pb.   (PRL 106:171801 (2011) [arXiv :1104.0699])

• Natural Low Scale Technicolor interpretation.                                                           
ELM (PRL 106:251803 (2011) [arXiv:1104.0976])

26

Mπ ~ 160 GeV,  Mρ ~ 290 GeV

CDF cuts are: exactly one lepton, l = e,μ, with pT > 20GeV and |η| < 1.0; exactly two jets with pT > 30GeV and 

|η| < 2.4; ∆R(l,j) > 0.52; pT(jj) > 40GeV; E/T > 25GeV; MT(W) > 30GeV; |∆η(jj)| < 2.5; |∆φ(E/T , j)| > 0.4.

 σ(p p → ρT → WπT → Wjj) = 2.4pb.
_

t-channel s-channel 
Measure color connections distinguishes s from t channel production 
Must validate on Standard Model first 



Validate on tops 

Clean top tag on leptonic 
side 

b-tag Measure pull 

September 19, 2013 Matthew Schwartz 



D0 ruled out color octet W in top decays 
Andy Haas and Yvonne Peters, hep-ex:1101.0648 

September 19, 2013 Matthew Schwartz 



Conclusions 
September 19, 2013 Matthew Schwartz 

The July 5th problem 

Appreciating the  
The Standard Model 

We want to have tools ready and validated 
 before new physics is discovered 
•  e.g. jet charge 
•  color connections 
•  QvG 
•  … 

2007: A jet is a 4-vector. Just calibrate it. 
2013: Jets are sophisticated emergent phenomena in the standard model 

     Lets study them for their own sake!  

Examples:  
 jet charge 

•  shows evidence for quarks and gluons in proton, at different x 
•  Mean charge scale-independent to leading order 

  calculable scaling violation     
Qjets/volatility 

•  Re-evaluate what a jet is.  
•  Wide open field, theoretically and experimentally 



QUESTIONS FROM 
ATLAS 
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Scale uncertainties 
•  Several theorists suggest that factorization and normalization scale 

uncertainties on W+b predictions should be estimated by changing the 
scales by factors 4 and 1⁄4 (instead of the usual 2 and 1⁄2 ). This has 
become the standard procedure in comparing prediction with past W+b 
xsec measurements. Is this still justified? 

September 19, 2013 Matthew Schwartz 



Scale uncertainties 
September 19, 2013 Matthew Schwartz 

Why should scale variations predict uncertainties? 

� ⇠ ↵s(µ)c1 + ↵2
s(µ)(c1�0 ln

µ

Q
+ c2) + · · ·

No dependence on µ if known exactly 
Choose µ=Q to minimize large logs 

Suppose c2 is not known, but c1 and β0 are. How do we estimate c2? 
Varying around Q/2 < µ < 2Q 

µ-dependence cancels � ⇠ ↵s(Q)c1 + ↵2
s(Q)c2

� ⇠ ↵s(Q)c1 ± ↵2
s(Q)c1�0 ln 2

Gives a number of order 1  
     that appears in the right place where c2 would in the cross section 

↵s(µ)
= ↵s(µ0) +

�0↵s ln
µ0

µ

2? 4? 100? 

Method works well for inclusive single scale observables 



Scale uncertainties 
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Method works for inclusive single scale observables 
No theory justification for most cross sections at LHC 

N-jet production, W+jet production, Higgs+W with jet veto 

In these cases, we don’t know what µ=Q means 

1. Guess:  µ =
q

p2T +m2
W

µ = HT

µ = max{mW , Ejet}
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Figure 6: Scale variations at next-to-leading order. The blue southeast stripes show the scale
variation of the NLO calculation (called NNLO in fewz) with µ = µf = µr = MW , as in the
atlas paper. The red northeast stripes show the prediction using µf = µr =

√
M2

W + p2T and
the black vertical stripes have µf and µr set to the scales in Eq. (29). Bands correspond to
varying µ = µf = µr by factors of two from these default scales.

leading-order PDF sets which have a larger value of αs, instead of the NNLO PDFs we use
throughout. The increase in the cross section from NLL to N2LL is mostly due to the one-loop
constants in the soft and hard functions, as can be seen from the right panel of Figure 3. We
have checked how much of a shift the known two-loop jet and soft function constants induce
and find that it is below a per cent.

4 Comparison with LHC data

We are now ready to compare to LHC data. We discuss separately the two processes we study,
direct photon and W production. For numerical work we use the NNLO MSTW 2008 PDF set
and its associated αs(MZ) = 0.1171 [45]. We also use MW = 80.399 GeV, αe.m. = 127.916−1,
sin2 θW = 0.2226, Vud = 0.97425, Vus = 0.22543, Vub = 0.00354, Vcd = 0.22529, Vcs = 0.97342
and Vcb = 0.04128.

4.1 Direct photon

For direct photon production, to be consistent with the comparison to Tevatron data in [18],
we use the scale choices from that paper

µh = pT ,

14

Pick one and vary by a factor of 2 or 4 or 100 

Differences between 
parameterizations 
are larger than the 
individual variations 



Jet scale 

Hard 
scale 
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Figure 3: Scale sensitivities. These plots show the effect of adding part of the fixed-order NLO
calculation to the LO calculation. The left panel shows what happens if all the µ-dependent
terms at NLO are added together. There is a slow monotonic logarithmic µ dependence,
with no natural extremum. In contrast, when the hard, jet, or soft contributions are added
separately, there are natural extrema. These extrema indicate the average value of momenta
〈p〉 appearing in the logarithms. That there are different extrema for the different components
proves that multiple scales are relevant. The plots are for W+ bosons, but the qualitative
features are the same for all bosons.

these degrees of freedom, appearing in the large logarithms. After integrating over the PDFs,
the perturbative correction will then have the form

∆σ

σLO
= αs(µ)(c2L

2 + c1L+ c0) , (28)

with L = ln µ
〈p〉 . If µ is chosen either much lower or much higher than 〈p〉, the perturbative

corrections will become large. Since we do not have an analytic expression for the distribution,
due to the necessity of convoluting with PDFs, we determine 〈p〉 numerically by computing the
individual corrections to the cross section as a function of µ. The result is shown in the right
plot of Figure 3. It has the expected form (28) and we see that while the jet and soft scales
are concave upwards, the hard curve is concave downward. The extrema of the corresponding
curves indicate the scales 〈p〉 that dominate these contributions after integrating over the
PDF. It is then natural to define our default values for µ as the positions of the extrema.
That there are different extrema for the different components proves that multiple scales are
relevant. These scales are conflated in the fixed-order calculation. The left plot in Figure 3
shows the fixed-order scale dependence. In this case, there is monotonic µ dependence, with
no natural extremum.

To find the scales numerically we extract these extrema from the curves. Using a number of
different machine center-of-mass energies (we tried 2, 7, 14, and 100 TeV), pp and p̄p collisions,
and various boson masses, we determine a reasonable approximation to these points is given
by the following functional forms

11

NLO !Μf "Μr"
50 GeV

100 GeV
200 GeV

500 GeV

Fixed#order scale sensitivity
!LHC 7 TeV"

0.5 1.0 1.5 2.0

0.4

0.6

0.8

1.0

1.2

1.4

1.6

Μ#pT

$
Σ
N
LO

Σ
LO

Soft

JET

HARD

50 GeV
500 GeV

50 GeV
500 GeV

50 GeV

100 GeV
200 GeV

500 GeV

Individual scale sensitivities
!LHC 7 TeV"

0.5 1.0 1.5 2.0

0.4

0.6

0.8

1.0

1.2

1.4

1.6

Μ#pT

$
Σ
N
LO
#Σ
LO

Figure 3: Scale sensitivities. These plots show the effect of adding part of the fixed-order NLO
calculation to the LO calculation. The left panel shows what happens if all the µ-dependent
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with no natural extremum. In contrast, when the hard, jet, or soft contributions are added
separately, there are natural extrema. These extrema indicate the average value of momenta
〈p〉 appearing in the logarithms. That there are different extrema for the different components
proves that multiple scales are relevant. The plots are for W+ bosons, but the qualitative
features are the same for all bosons.

these degrees of freedom, appearing in the large logarithms. After integrating over the PDFs,
the perturbative correction will then have the form

∆σ

σLO
= αs(µ)(c2L

2 + c1L+ c0) , (28)

with L = ln µ
〈p〉 . If µ is chosen either much lower or much higher than 〈p〉, the perturbative

corrections will become large. Since we do not have an analytic expression for the distribution,
due to the necessity of convoluting with PDFs, we determine 〈p〉 numerically by computing the
individual corrections to the cross section as a function of µ. The result is shown in the right
plot of Figure 3. It has the expected form (28) and we see that while the jet and soft scales
are concave upwards, the hard curve is concave downward. The extrema of the corresponding
curves indicate the scales 〈p〉 that dominate these contributions after integrating over the
PDF. It is then natural to define our default values for µ as the positions of the extrema.
That there are different extrema for the different components proves that multiple scales are
relevant. These scales are conflated in the fixed-order calculation. The left plot in Figure 3
shows the fixed-order scale dependence. In this case, there is monotonic µ dependence, with
no natural extremum.

To find the scales numerically we extract these extrema from the curves. Using a number of
different machine center-of-mass energies (we tried 2, 7, 14, and 100 TeV), pp and p̄p collisions,
and various boson masses, we determine a reasonable approximation to these points is given
by the following functional forms
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P P

High pT  
W boson 

In some cases, we know the  
origin of the different scales 

Soft scale 

Individual variation show extrema 
    (natural µhard, µjet, µsoft scales, like Q) 

When put together µhard=µjet=µsoft=µ  gives NLO 

No natural µ at NLO (or NNNNLO). Cannot set all scales equal.  

Becher, Lorentzen and MDS, Phys.Rev. D 86 (2012)  

~ jet mass 

~ out of jet energy 

~ pT 



W + JET at the LHC 

P

jet 

P

W boson 

Becher, Lorentzen, and MDS, (2010, 2011, 2012, 2013 …) 
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Figure 10: Comparison of theory to ATLAS data for the W spectra. The red band is the NLO
prediction, using µf = µr = mW , as in [cite atlas paper]. The N3LL + NLO prediction, in
green, is in excellent agreement with the data. Dahsed blue lines indicate PDF uncertainties
which are of order the scale uncertainties at N3LL + NLO order.
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Public code (PeTeR)  
       for high-pT W/Z  
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Scale setting 
September 19, 2013 Matthew Schwartz 

My recommendation: 
Compare different parameterizations, including all relevant 
scales, rather than varying each by 2 or 4 


