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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 di!erent 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 e!ort 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
! =

1

(pjetT )!

!

j#jet

Qj(p
j
T )

! (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 with respect
to the beam axis, pjetT is the total transverse momentum
of the jet, and ! is a free parameter. A common variant
uses energy instead of pT . Values of ! between 0.2 and 1
have been used in experimental studies [6, 8].

FIG. 1. Distributions of Qi
! for various parton flavors ob-

tained from pp ! W ! ! q̄q or pp ! gg events with pjet
T

= 500
GeV and ! = 0.5, 1.
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The jet charge is an old observable that has proven uniquely useful for discrimination of jets
initiated by di↵erent flavors of light quarks, for example. In this Letter, we propose an approach to
understanding the jet charge by establishing simple, robust assumptions that hold to good approx-
imation non-perturbatively, such as isospin conservation and large particle multiplicity in the jets,
forgoing any attempt at a perturbative analysis. From these assumptions, the jet charge distribution
with fixed particle multiplicity takes the form of a Gaussian by the central limit theorem and whose
mean and variance are related to fractional-power moments of single particle energy distributions.
These results make several concrete predictions for the scaling of the jet charge with the multiplicity,
explaining many of the results already in the literature, and new results we validate in Monte Carlo
simulation.

As a conserved quantity unrelated to symmetries of
spacetime, electric charge encodes information distinct
from momentum of the mechanism of particle produc-
tion in a high energy collision experiment, like the Large
Hadron Collider (LHC). On collimated streams of par-
ticles called jets, the total electric charge of all particles
that compose a jet should, on average, be directly related
to the electric charge of the short-distance quark or gluon
that initiated the jet. A definition of the jet charge Q

robust to low-energy particles was proposed by Feynman
and Field [1] where

Q ⌘

X

i2J

zi Qi , (1)

where the sum runs over all particles i in the jet J , Qi is
the electric charge of particle i in units of the fundamen-
tal charge e, and  > 0 is a parameter that responsible for
the infrared safety of the jet charge. zi is the energy frac-
tion of particle i in the jet, appropriately defined for the
particular collider environment. This jet charge observ-
able has been measured extensively historically [2–22],
as well as at both ATLAS and CMS experiments at the
LHC [23–27].

Despite being extensively studied experimentally, the
jet charge is not both infrared and collinear (IRC) safe
and therefore cannot be predicted within the pertur-
bation theory of quantum chromodynamics (QCD) ex-
clusively. Many modern studies have analyzed the jet
charge within the context of Monte Carlo event simula-
tion or developed theoretical techniques for predictions
of infrared but not collinear safe observables [28–40], but
any such theoretical analysis requires significant input
of non-perturbative data that cannot be predicted from
first principles. Ref. [29] pioneered the development of
non-linear evolution equations that describe the pertur-
bative scale dependence of the complete distribution of
jet charge. This formalism does enable identification of

several predictions of the jet charge, especially related to
its low moments and optimal choices of the parameter .
In this Letter, we construct a non-perturbative theo-

retical starting point for understanding the jet charge and
to make concrete, robust predictions that make no refer-
ence to a short-distance description. Other than studies
within the context of simulated data, we are unaware
of analyses of jet charge that forgo any attempt at an
understanding based in perturbation theory. To accom-
plish this, we present a set of assumptions that are guar-
anteed to be a good approximation non-perturbatively
and from which calculations can be performed. We be-
lieve that these assumptions are the simplest, minimal
set and from them more details can be added, like includ-
ing more flavors of quarks or incorporating short-distance
correlations. In this Letter, however, we will restrict our
analysis to understanding the consequences of these min-
imal assumptions and leave improvements in description
to future work.
The assumptions we will use in this Letter are:

1. Particles (hadrons) in the jet are produced though
identical, independent processes.

2. The multiplicity of particles in the jet N is large.

3. The only particles are the pions: ⇡+, ⇡�, and ⇡0.

4. SU(2) isospin of the pions is an exact symmetry.

Similar starting assumptions have been used to formulate
a systematic expansion in the large-N multiplicity limit
for understanding minimum bias events [41]. However, in
that context, no information about the particles’ electric
charge was used, so the analysis in this paper will be
distinct.
These assumptions immediately enable us to write

down the functional form of the probability distribution
for the jet charge Q conditioned on the particle multi-
plicity N of the jet. From the first two assumptions, the
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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.

!. 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. 4. 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 [11] can be applied to further
reduce contamination. We present a comparison of ef-
fects of contamination and techniques to mitigate it in
Fig. 5.
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 [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-
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FIG. 5. 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).

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

!Dh
q (", µ) =

" 1

0
dxx!Dh

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
"" =

1

#jet

"
d#Qi

" =

"
dz z"

#

h

Qh
1

#jet

d#h!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 ! > 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. [13, 14] to write

1

#jet

d#h!jet

dz
=

1

16$3

#

j

" 1

z

dx

x

Jij(E,R, z
x
, µ)

Ji(E,R, µ)
Dh

j (x, µ) .

(4)
Here Ji(E,R, µ) is a jet function and Jij(E,R, x, µ) a
set of calculable coe"cients which depend on the jet def-
inition and flavor i of the hard parton originating the jet.
The hard and soft contributions conveniently canceled in

Powerful discriminant between parton flavors

Improved discrimination power as κ → 0

Distribution narrows as  increasesκ
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FIG. 3. Illustration of particles inside the jet (black) and
out-of-jet radiation (red), which we also take into account to
classify both the flavor of the jet as discussed in Section IV B
and the underlying hard process in the event as discussed
in Section V. As an example, we show jet production in a
high-Q2 DIS scattering process.

of the following quantities each of which are cumulative
distribution functions of corresponding probability distri-
butions:

• True Positive Rate (TPR, also known as Recall):

True Positives
Total Positives

• False Positive Rate (FPR):

False Positives
Total Negatives

• Precision:

True Positives
True Positives + False Positives

The ROC curve shows the TPR vs. the FPR as the
decision threshold is varied. A random classifier follows
a diagonal line with an area under the curve (AUC) of
0.5 and the better a classifier is, the closer the curve is to
the upper left edge of the plot, with a perfect classifier
having AUC = 1. The ROC curve does not depend on
the relative proportions of the two classes, and we will
use it for classification tasks where there is not a large
imbalance in the proportions of the two classes, such as
u vs. d and q vs. g classification.

The PR curve shows the precision vs. recall as the
decision threshold is varied. The PR curve explicitly de-
pends on the relative proportions of the two classes, since
the precision is a measure of the purity of the predicted
positive class. A random classifier based solely on the
relative proportions of the two classes follows a line of
constant precision. The larger the precision and recall,
the better the classifier is. A classifier with high precision
but low recall returns only a small fraction of positive

FIG. 4. ROC curve for u vs. d jet flavor tagging using
the jet charge and PFNs for jets with p

jet
T > 10 GeV and

pT,particle > 0.1 GeV. We consider three variations of the input
to the PFN, providing either PID information for all particles,
charge information for all particles, or neither.

cases (low e�ciency) but most of them being identified
correctly (high purity), whereas a classifier with low pre-
cision but high recall returns a large fraction of positive
cases (high e�ciency) but with many of them being iden-
tified incorrectly (low purity). We will use the PR for
classification tasks where there is a large imbalance in the
proportions of the two classes, such as strange and charm
jet classification.

IV. JET FLAVOR TAGGING

Using the LO DIS events described in Section III A,
we now study various binary classifications of quark-jet
flavors. We consider several di�erent classification group-
ings: u vs. d, ud vs. s, and uds vs. c quark jets. We will
study the role of PID information, charge information,
and minimum particle transverse momentum thresholds
on the performance of the classifiers, as well as the role
of both in-jet and out-of-jet particles.

We will benchmark our machine learning-based algo-
rithms against the energy-weighted jet charge [116]

QŸ =
ÿ

iœjet
z

Ÿ
i Qi , (15)

where zi = pT i/p
jet
T denotes the longitudinal momen-

tum fraction of the hadrons i inside the jet and Qi is
their electric charge. The weighting factor z

Ÿ
i reduces the

sensitivity to experimental uncertainties and Ÿ is a free
parameter that we will vary in our numerical studies be-
low. The jet charge is soft safe but collinear unsafe, which
means that theoretical calculations require a nonperturba-
tive input that needs to be determined from experiment.
Theoretical calculations of the jet charge were performed
in Ref. [27, 28]. Extensions of the jet charge definition

8

FIG. 2. The jet charge distribution for EIC jets with p
jet
T > 10 GeV produced in high-Q2 events as shown on the left side of

Figure 1. The three panels show the results for di�erent flavor discrimination: u vs. d (left), ud vs. s (middle), and uds vs. c

(right) for a jet charge parameter of Ÿ = 0.5, see Eq. (15). The jet charge is able to distinguish u from d, s reasonably well,
whereas it is a relatively poor discriminator for u vs. c or q vs. g. Note that a peak at QŸ = 0 arises from jets that contain only
neutral particles, which happens more frequently compared to its counterpart at the LHC due to lower particle multiplicity at
the EIC.

invariant neural network in Eq. (12) by constructing an
EFN denoted

f̃ (p1, . . . , pM ) = F

A
Mÿ

i=1
zi� (p̂i)

B
, (13)

where every particle inside a jet is written in terms of
its transverse momentum momentum fractions zi and
a 2-component vector which contains the angular vari-
ables p̂i = (yi, „i). Due to the weighting of � with the
momentum fraction zi, the resulting expression is IRC
safe [20].

We parametrize the functions � and F in Eqs. (12) and
(13) in terms of DNNs, using the EnergyFlow package [20]
with Keras [109]/TensorFlow [110]. For � we use two
hidden layers with 100 nodes each and a latent space
dimension of d = 256. For F we include three layers with
100 nodes each. For each dense layer we use the ReLU
activation function [111] and we use the softmax activation
function for the final output layer of the classifier. We
train the neural networks using the Adam optimizer [112]
and the binary cross entropy loss function [113], and train
for 10 epochs with a batch size of 500. We reserve 20% of
the training sample as a validation set, and an additional
20% as a test set on which all metrics are reported. We
train the models using an NVIDIA A100 GPU on the
Perlmutter supercomputer.

For quark vs. gluon tagging, we will also consider
dense neural networks (DNNs) that take as input a list
of observables that are IRC safe and generally calcula-
ble within perturbative QCD. The resulting classifier is
generally Sudakov safe [23]. The observables that are
taken as input to the DNN form a complete basis of
observables. As an example we consider Energy Flow
Polynomials (EFPs) [22]. Alternately, one could consider
the N -subjettiness basis [23–25]. The EFPs constitute a
linear basis of jet substructure observables and they are
defined as

EFPG =
ÿ

i1

· · ·

ÿ

iV

zi1 · · · ziV

Ÿ

(k,l)œE

◊ikil (14)

where we sum over all particles inside the jet and zi, ◊ij

denote the longitudinal momentum fraction of particle i

and the relative angle between particles i and j, respec-
tively. The subscript G = (V, E) indicates that EFPs are
defined in terms of a graph that specifies which terms are
included on the right hand side of Eq. (14). See Ref. [22]
for more details. We note that this basis is insensitive to
quark flavor di�erences but provides a powerful discrim-
inant for quark vs. gluon jet tagging. In addition, they
provide an increased degree of interpretability compared
to PFNs. For the EFP DNNs, we use 3 hidden layers
containing between 32-512 nodes, each with a ReLU ac-
tivation function [111], followed by a sigmoid activation
for the final output layer. We train the neural network
with the Adam optimizer [112] and a learning rate rang-
ing from 0.01 to 0.001 and batch size 1000, with the
binary cross entropy loss function of Ref. [113]. We use
Keras [109]/TensorFlow [110] for the implementation,
and determine the number of nodes in each hidden layer
and the learning rate using a hyperparameter optimiza-
tion with the Hyperband algorithm [114] implemented in
Keras Tuner [115].

The performance of a classifier can be assessed by vari-
ous metrics quantifying the rates of correct and incorrect
identification of the two classes. There are four possible
outcomes of a classifier’s prediction, “True/False Posi-
tive/Negative”, where “True/False” denotes whether the
classifier prediction was correct, and “Positive/Negative”
refers to the predicted class label. In this work, we will
use the following conventions for the positive class:

• u vs. d classification (Section IV A): d

• ud vs. s classification (Section IV C): s

• uds vs. c classification (Section IV C): c

• qq/qq̄ vs. gg classification (Section V A): qq/qq̄

• direct vs. resolved classification (Section V B): direct
We will consider two metrics in this work, the Receiver

Operating Characteristic (ROC) curve and the Precision-
Recall (PR) curve. These metrics are defined in terms

Application of jet charge to EIC physics: u versus d jet identification

Essentially no useful discrimination information exclusively in distribution of particle momenta

Jet charge is a (the only?) useful discriminant between these jets

2210.06450
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The jet charge is an old observable that has proven uniquely useful for discrimination of jets
initiated by di↵erent flavors of light quarks, for example. In this Letter, we propose an approach to
understanding the jet charge by establishing simple, robust assumptions that hold to good approx-
imation non-perturbatively, such as isospin conservation and large particle multiplicity in the jets,
forgoing any attempt at a perturbative analysis. From these assumptions, the jet charge distribution
with fixed particle multiplicity takes the form of a Gaussian by the central limit theorem and whose
mean and variance are related to fractional-power moments of single particle energy distributions.
These results make several concrete predictions for the scaling of the jet charge with the multiplicity,
explaining many of the results already in the literature, and new results we validate in Monte Carlo
simulation.

As a conserved quantity unrelated to symmetries of
spacetime, electric charge encodes information distinct
from momentum of the mechanism of particle produc-
tion in a high energy collision experiment, like the Large
Hadron Collider (LHC). On collimated streams of par-
ticles called jets, the total electric charge of all particles
that compose a jet should, on average, be directly related
to the electric charge of the short-distance quark or gluon
that initiated the jet. A definition of the jet charge Q

robust to low-energy particles was proposed by Feynman
and Field [1] where

Q ⌘

X

i2J

zi Qi , (1)

where the sum runs over all particles i in the jet J , Qi is
the electric charge of particle i in units of the fundamen-
tal charge e, and  > 0 is a parameter that responsible for
the infrared safety of the jet charge. zi is the energy frac-
tion of particle i in the jet, appropriately defined for the
particular collider environment. This jet charge observ-
able has been measured extensively historically [2–22],
as well as at both ATLAS and CMS experiments at the
LHC [23–27].

Despite being extensively studied experimentally, the
jet charge is not both infrared and collinear (IRC) safe
and therefore cannot be predicted within the pertur-
bation theory of quantum chromodynamics (QCD) ex-
clusively. Many modern studies have analyzed the jet
charge within the context of Monte Carlo event simula-
tion or developed theoretical techniques for predictions
of infrared but not collinear safe observables [28–40], but
any such theoretical analysis requires significant input
of non-perturbative data that cannot be predicted from
first principles. Ref. [29] pioneered the development of
non-linear evolution equations that describe the pertur-
bative scale dependence of the complete distribution of
jet charge. This formalism does enable identification of

several predictions of the jet charge, especially related to
its low moments and optimal choices of the parameter .
In this Letter, we construct a non-perturbative theo-

retical starting point for understanding the jet charge and
to make concrete, robust predictions that make no refer-
ence to a short-distance description. Other than studies
within the context of simulated data, we are unaware
of analyses of jet charge that forgo any attempt at an
understanding based in perturbation theory. To accom-
plish this, we present a set of assumptions that are guar-
anteed to be a good approximation non-perturbatively
and from which calculations can be performed. We be-
lieve that these assumptions are the simplest, minimal
set and from them more details can be added, like includ-
ing more flavors of quarks or incorporating short-distance
correlations. In this Letter, however, we will restrict our
analysis to understanding the consequences of these min-
imal assumptions and leave improvements in description
to future work.
The assumptions we will use in this Letter are:

1. Particles (hadrons) in the jet are produced though
identical, independent processes.

2. The multiplicity of particles in the jet N is large.

3. The only particles are the pions: ⇡+, ⇡�, and ⇡0.

4. SU(2) isospin of the pions is an exact symmetry.

Similar starting assumptions have been used to formulate
a systematic expansion in the large-N multiplicity limit
for understanding minimum bias events [41]. However, in
that context, no information about the particles’ electric
charge was used, so the analysis in this paper will be
distinct.
These assumptions immediately enable us to write

down the functional form of the probability distribution
for the jet charge Q conditioned on the particle multi-
plicity N of the jet. From the first two assumptions, the

Our Approach: Make Assumptions as Simple as Possible but No Simpler
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As a conserved quantity unrelated to symmetries of
spacetime, electric charge encodes information distinct
from momentum of the mechanism of particle produc-
tion in a high energy collision experiment, like the Large
Hadron Collider (LHC). On collimated streams of par-
ticles called jets, the total electric charge of all particles
that compose a jet should, on average, be directly related
to the electric charge of the short-distance quark or gluon
that initiated the jet. A definition of the jet charge Q

robust to low-energy particles was proposed by Feynman
and Field [1] where

Q ⌘

X

i2J

zi Qi , (1)

where the sum runs over all particles i in the jet J , Qi is
the electric charge of particle i in units of the fundamen-
tal charge e, and  > 0 is a parameter that responsible for
the infrared safety of the jet charge. zi is the energy frac-
tion of particle i in the jet, appropriately defined for the
particular collider environment. This jet charge observ-
able has been measured extensively historically [2–22],
as well as at both ATLAS and CMS experiments at the
LHC [23–27].

Despite being extensively studied experimentally, the
jet charge is not both infrared and collinear (IRC) safe
and therefore cannot be predicted within the pertur-
bation theory of quantum chromodynamics (QCD) ex-
clusively. Many modern studies have analyzed the jet
charge within the context of Monte Carlo event simula-
tion or developed theoretical techniques for predictions
of infrared but not collinear safe observables [28–40], but
any such theoretical analysis requires significant input
of non-perturbative data that cannot be predicted from
first principles. Ref. [29] pioneered the development of
non-linear evolution equations that describe the pertur-
bative scale dependence of the complete distribution of
jet charge. This formalism does enable identification of

several predictions of the jet charge, especially related to
its low moments and optimal choices of the parameter .
In this Letter, we construct a non-perturbative theo-

retical starting point for understanding the jet charge and
to make concrete, robust predictions that make no refer-
ence to a short-distance description. Other than studies
within the context of simulated data, we are unaware
of analyses of jet charge that forgo any attempt at an
understanding based in perturbation theory. To accom-
plish this, we present a set of assumptions that are guar-
anteed to be a good approximation non-perturbatively
and from which calculations can be performed. We be-
lieve that these assumptions are the simplest, minimal
set and from them more details can be added, like includ-
ing more flavors of quarks or incorporating short-distance
correlations. In this Letter, however, we will restrict our
analysis to understanding the consequences of these min-
imal assumptions and leave improvements in description
to future work.
The assumptions we will use in this Letter are:

1. Particles (hadrons) in the jet are produced though
identical, independent processes.

2. The multiplicity of particles in the jet N is large.

3. The only particles are the pions: ⇡+, ⇡�, and ⇡0.

4. SU(2) isospin of the pions is an exact symmetry.

Similar starting assumptions have been used to formulate
a systematic expansion in the large-N multiplicity limit
for understanding minimum bias events [41]. However, in
that context, no information about the particles’ electric
charge was used, so the analysis in this paper will be
distinct.
These assumptions immediately enable us to write

down the functional form of the probability distribution
for the jet charge Q conditioned on the particle multi-
plicity N of the jet. From the first two assumptions, the

Central Limit Theorem applies:
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The jet charge is an old observable that has proven uniquely useful for discrimination of jets
initiated by di↵erent flavors of light quarks, for example. In this Letter, we propose an approach to
understanding the jet charge by establishing simple, robust assumptions that hold to good approx-
imation non-perturbatively, such as isospin conservation and large particle multiplicity in the jets,
forgoing any attempt at a perturbative analysis. From these assumptions, the jet charge distribution
with fixed particle multiplicity takes the form of a Gaussian by the central limit theorem and whose
mean and variance are related to fractional-power moments of single particle energy distributions.
These results make several concrete predictions for the scaling of the jet charge with the multiplicity,
explaining many of the results already in the literature, and new results we validate in Monte Carlo
simulation.

As a conserved quantity unrelated to symmetries of
spacetime, electric charge encodes information distinct
from momentum of the mechanism of particle produc-
tion in a high energy collision experiment, like the Large
Hadron Collider (LHC). On collimated streams of par-
ticles called jets, the total electric charge of all particles
that compose a jet should, on average, be directly related
to the electric charge of the short-distance quark or gluon
that initiated the jet. A definition of the jet charge Q

robust to low-energy particles was proposed by Feynman
and Field [1] where

Q ⌘

X

i2J

zi Qi , (1)

where the sum runs over all particles i in the jet J , Qi is
the electric charge of particle i in units of the fundamen-
tal charge e, and  > 0 is a parameter that responsible for
the infrared safety of the jet charge. zi is the energy frac-
tion of particle i in the jet, appropriately defined for the
particular collider environment. This jet charge observ-
able has been measured extensively historically [2–22],
as well as at both ATLAS and CMS experiments at the
LHC [23–27].

Despite being extensively studied experimentally, the
jet charge is not both infrared and collinear (IRC) safe
and therefore cannot be predicted within the pertur-
bation theory of quantum chromodynamics (QCD) ex-
clusively. Many modern studies have analyzed the jet
charge within the context of Monte Carlo event simula-
tion or developed theoretical techniques for predictions
of infrared but not collinear safe observables [28–40], but
any such theoretical analysis requires significant input
of non-perturbative data that cannot be predicted from
first principles. Ref. [29] pioneered the development of
non-linear evolution equations that describe the pertur-
bative scale dependence of the complete distribution of
jet charge. This formalism does enable identification of

several predictions of the jet charge, especially related to
its low moments and optimal choices of the parameter .
In this Letter, we construct a non-perturbative theo-

retical starting point for understanding the jet charge and
to make concrete, robust predictions that make no refer-
ence to a short-distance description. Other than studies
within the context of simulated data, we are unaware
of analyses of jet charge that forgo any attempt at an
understanding based in perturbation theory. To accom-
plish this, we present a set of assumptions that are guar-
anteed to be a good approximation non-perturbatively
and from which calculations can be performed. We be-
lieve that these assumptions are the simplest, minimal
set and from them more details can be added, like includ-
ing more flavors of quarks or incorporating short-distance
correlations. In this Letter, however, we will restrict our
analysis to understanding the consequences of these min-
imal assumptions and leave improvements in description
to future work.
The assumptions we will use in this Letter are:

1. Particles (hadrons) in the jet are produced though
identical, independent processes.

2. The multiplicity of particles in the jet N is large.

3. The only particles are the pions: ⇡+, ⇡�, and ⇡0.

4. SU(2) isospin of the pions is an exact symmetry.

Similar starting assumptions have been used to formulate
a systematic expansion in the large-N multiplicity limit
for understanding minimum bias events [41]. However, in
that context, no information about the particles’ electric
charge was used, so the analysis in this paper will be
distinct.
These assumptions immediately enable us to write

down the functional form of the probability distribution
for the jet charge Q conditioned on the particle multi-
plicity N of the jet. From the first two assumptions, the

Central Limit Theorem applies:

Mean on u or d jets is set

by fractional moment 
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As a conserved quantity unrelated to symmetries of
spacetime, electric charge encodes information distinct
from momentum of the mechanism of particle produc-
tion in a high energy collision experiment, like the Large
Hadron Collider (LHC). On collimated streams of par-
ticles called jets, the total electric charge of all particles
that compose a jet should, on average, be directly related
to the electric charge of the short-distance quark or gluon
that initiated the jet. A definition of the jet charge Q

robust to low-energy particles was proposed by Feynman
and Field [1] where

Q ⌘

X

i2J

zi Qi , (1)

where the sum runs over all particles i in the jet J , Qi is
the electric charge of particle i in units of the fundamen-
tal charge e, and  > 0 is a parameter that responsible for
the infrared safety of the jet charge. zi is the energy frac-
tion of particle i in the jet, appropriately defined for the
particular collider environment. This jet charge observ-
able has been measured extensively historically [2–22],
as well as at both ATLAS and CMS experiments at the
LHC [23–27].

Despite being extensively studied experimentally, the
jet charge is not both infrared and collinear (IRC) safe
and therefore cannot be predicted within the pertur-
bation theory of quantum chromodynamics (QCD) ex-
clusively. Many modern studies have analyzed the jet
charge within the context of Monte Carlo event simula-
tion or developed theoretical techniques for predictions
of infrared but not collinear safe observables [28–40], but
any such theoretical analysis requires significant input
of non-perturbative data that cannot be predicted from
first principles. Ref. [29] pioneered the development of
non-linear evolution equations that describe the pertur-
bative scale dependence of the complete distribution of
jet charge. This formalism does enable identification of

several predictions of the jet charge, especially related to
its low moments and optimal choices of the parameter .
In this Letter, we construct a non-perturbative theo-

retical starting point for understanding the jet charge and
to make concrete, robust predictions that make no refer-
ence to a short-distance description. Other than studies
within the context of simulated data, we are unaware
of analyses of jet charge that forgo any attempt at an
understanding based in perturbation theory. To accom-
plish this, we present a set of assumptions that are guar-
anteed to be a good approximation non-perturbatively
and from which calculations can be performed. We be-
lieve that these assumptions are the simplest, minimal
set and from them more details can be added, like includ-
ing more flavors of quarks or incorporating short-distance
correlations. In this Letter, however, we will restrict our
analysis to understanding the consequences of these min-
imal assumptions and leave improvements in description
to future work.
The assumptions we will use in this Letter are:

1. Particles (hadrons) in the jet are produced though
identical, independent processes.

2. The multiplicity of particles in the jet N is large.

3. The only particles are the pions: ⇡+, ⇡�, and ⇡0.

4. SU(2) isospin of the pions is an exact symmetry.

Similar starting assumptions have been used to formulate
a systematic expansion in the large-N multiplicity limit
for understanding minimum bias events [41]. However, in
that context, no information about the particles’ electric
charge was used, so the analysis in this paper will be
distinct.
These assumptions immediately enable us to write

down the functional form of the probability distribution
for the jet charge Q conditioned on the particle multi-
plicity N of the jet. From the first two assumptions, the

Central Limit Theorem applies:

The variance is set by an

energy fraction moment:
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As a conserved quantity unrelated to symmetries of
spacetime, electric charge encodes information distinct
from momentum of the mechanism of particle produc-
tion in a high energy collision experiment, like the Large
Hadron Collider (LHC). On collimated streams of par-
ticles called jets, the total electric charge of all particles
that compose a jet should, on average, be directly related
to the electric charge of the short-distance quark or gluon
that initiated the jet. A definition of the jet charge Q

robust to low-energy particles was proposed by Feynman
and Field [1] where

Q ⌘

X

i2J

zi Qi , (1)

where the sum runs over all particles i in the jet J , Qi is
the electric charge of particle i in units of the fundamen-
tal charge e, and  > 0 is a parameter that responsible for
the infrared safety of the jet charge. zi is the energy frac-
tion of particle i in the jet, appropriately defined for the
particular collider environment. This jet charge observ-
able has been measured extensively historically [2–22],
as well as at both ATLAS and CMS experiments at the
LHC [23–27].

Despite being extensively studied experimentally, the
jet charge is not both infrared and collinear (IRC) safe
and therefore cannot be predicted within the pertur-
bation theory of quantum chromodynamics (QCD) ex-
clusively. Many modern studies have analyzed the jet
charge within the context of Monte Carlo event simula-
tion or developed theoretical techniques for predictions
of infrared but not collinear safe observables [28–40], but
any such theoretical analysis requires significant input
of non-perturbative data that cannot be predicted from
first principles. Ref. [29] pioneered the development of
non-linear evolution equations that describe the pertur-
bative scale dependence of the complete distribution of
jet charge. This formalism does enable identification of

several predictions of the jet charge, especially related to
its low moments and optimal choices of the parameter .
In this Letter, we construct a non-perturbative theo-

retical starting point for understanding the jet charge and
to make concrete, robust predictions that make no refer-
ence to a short-distance description. Other than studies
within the context of simulated data, we are unaware
of analyses of jet charge that forgo any attempt at an
understanding based in perturbation theory. To accom-
plish this, we present a set of assumptions that are guar-
anteed to be a good approximation non-perturbatively
and from which calculations can be performed. We be-
lieve that these assumptions are the simplest, minimal
set and from them more details can be added, like includ-
ing more flavors of quarks or incorporating short-distance
correlations. In this Letter, however, we will restrict our
analysis to understanding the consequences of these min-
imal assumptions and leave improvements in description
to future work.
The assumptions we will use in this Letter are:

1. Particles (hadrons) in the jet are produced though
identical, independent processes.

2. The multiplicity of particles in the jet N is large.

3. The only particles are the pions: ⇡+, ⇡�, and ⇡0.

4. SU(2) isospin of the pions is an exact symmetry.

Similar starting assumptions have been used to formulate
a systematic expansion in the large-N multiplicity limit
for understanding minimum bias events [41]. However, in
that context, no information about the particles’ electric
charge was used, so the analysis in this paper will be
distinct.
These assumptions immediately enable us to write

down the functional form of the probability distribution
for the jet charge Q conditioned on the particle multi-
plicity N of the jet. From the first two assumptions, the

Central Limit Theorem applies:

The variance is set by an

energy fraction moment:
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Fractional moments can be expressed as:
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Optimal discrimination when  and N are small κ
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If  is too small, then IR contamination overwhelms jet chargeκ



One More Thing…

Optimal Discrimination Observable by Neyman-Pearson is Log-Likelihood:
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O = log
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pd(Q, N)
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pd(Q|N)p(N)

Assuming that multiplicity distribution is identical for up and down jets (see bonus)

Just Take Ratio of Gaussian Distributions:
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Not Monotonically Related to Jet Charge Qκ

Necessarily Improve Discrimination Power by Measuring Jet Charge Differential in Multiplicity



One More Thing…

Takeaway:


Measure Jet Charge Differential in Multiplicity (and not centrality)!
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Table 1: Relative systematic uncertainties in percentage for the measurements of gluon-like jet
fractions in pp and PbPb events. The PbPb results are given in intervals of centrality. When an
uncertainty range is given, the range of the values are the maximum variation in the fractions
for different selections on k and track pT threshold values.

pp PbPb centrality intervals
Source 50–100% 30–50% 10–30% 0–10%

Response matrix modelling 4–6 5–7.5 5–7.5 5–7.5 5–7.5
Monte Carlo event count 1.5 3 3 3 3

Jet energy resolution 1–1.5 2 2 2–3 2–3
Tracking efficiency (data/simulation) 1 2 2 2 2

Tracking efficiency (positive/negative) 0.5–1 1–1.5 1–1.5 0.5–1.5 0.5–1.5
Jets with no tracks 0.1 0.2–1 0.4–2 0.4–3 0.5–4.5

Unfolding procedure 0.5 0.7 0.8 1.1 1.4
Background modelling and fluctuation — 0.5 0.5 1 1

“Other flavor” jets 1 1 1 1 1
Total 4–5 7–8 7–8 7–8 7–9
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Figure 1: (Upper) Unfolded jet charge measurements shown for inclusive jets in data along
with the extracted fractions of up, and down quark jets, gluon jets, and the “other flavor”
jets. The systematic and statistical uncertainties in the distributions are shown by the shaded
regions and vertical bars, respectively. The jet charge measurements shown here are for the
pT-weighting factor k = 0.5 and a minimum track pT of 1 GeV. (Lower) Ratio of the jet charge
measurements to the results of template fits.

with a minimum track pT of 1 GeV and pT-weighting factor k = 0.5. The results are shown
for pp and different event centrality bins in PbPb. The extracted fraction of quark- and gluon-
initiated jets is displayed as a set of stacked histograms. Figure 1 also shows the ratio of the
data over the template fit results in the lower panels, and no significant deviation from unity
is observed in the entire fitting range. The fractions of up and down quarks are observed
to be significantly different between pp and PbPb collisions, as expected from an enhanced
contribution of valence down quarks in lead collisions (having 126 neutrons and 82 protons in
each nucleus). The jet charge measurements and fit results for other minimum track pT and k
selections are shown in figures 5-7 in the appendix.

The widths (standard deviations) of the unfolded data jet charge distributions in different PbPb
event centrality bins and in pp, with various track pT thresholds and k values, are shown in
Fig. 2. They are also compared to generator-level predictions from PYTHIA6 with matching
track pT and k selections in Fig. 2. The data (simulation) results for k = 0.3, 0.5, and 0.7, are

Surprisingly little medium modification to jet charge from pp to PbPb

Aren’t gluon jets quenched more than quark jets?  How large is UE effect?

Can we understand this?



� �� �� �� ��
-�

-�

-�

-�

-�

�

�

���

��
�
� ��

Jet Charge Variance
Pythia, 5.02 TeV pp � jj, R = 0.4, pT > 120 GeV
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Jet Charge
Nch = 12, � = 0.3, 0.5, 0.7
Pythia, 5.02 TeV pp � jj, R = 0.4, pT > 120 GeV

Predictions

Jet charge distribution narrows as  increasesκ

<latexit sha1_base64="RchZkuHQ1KyoK9esB+cdRj4+tuo="></latexit>
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As multiplicity N increases (jet pT increases),

distribution widens if  κ < 0.5

As multiplicity N increases (jet pT increases),

distribution narrows if  κ > 0.5

Width is independent of N if  κ = 0.5
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u and d Jet Charged Particle Multiplicity
Pythia, 5 TeV pp � Zq, R = 0.4, pT > 120 GeV
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u and d Jet Charged Particle Multiplicity
Pythia, 5 TeV pp � Zq, R = 0.4, pT > 240 GeV

Up and Down Quark Jet Multiplicity Distributions


