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This paper provides a cross-check of a novel method for measuring
quark- and gluon-jet properties at the Large Hadron Collider (LHC). The
method relies on data of dijet events collected at two different centre-of-
mass energies of LHC operation. By combining these two datasets each
with a different abundance of gluon jets, the jet properties categorized
into quark and gluon distributions are obtained on a statistical basis. The
cross-check of derived quark and gluon distributions is performed against
“truth” distributions obtained by matching jet to parton using the minimal
difference in rapidity-azimuth distance ∆R(jet,parton).
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1. Introduction

Differentiating quark jets from gluon jets increases the sensitivity of stud-
ies searching for beyond the Standard Model (BSM) physics, as BSM signals
are often dominated by quarks while Standard Model backgrounds are dom-
inated by gluons. The aim of this method [1] is to separate quark- and
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gluon-jet samples on a statistical basis without need for an independent
event-by-event tag. The strategy involves constructing observables from ra-
tios of physical quantities measured at different energies. This approach
minimizes the impact of systematic errors, making the measurements more
robust and reliable. The method can be applied using the existing Large
Hadron Collider (LHC) data collected at different energies, making it a prac-
tical and cost-effective way to enhance current and future analyses without
requiring additional special runs of the LHC.

The novelty of the method originates in using two datasets of dijet events
collected at distinct centre-of-mass energies while keeping the same kine-
matic cuts and detector parameters to reduce systematic uncertainties and
avoiding kinematic bias (e.g. high-pT quark jet radiates similarly as low-pT
gluon jet). The dataset collected at higher centre-of-mass energy has a larger
portion of gluon jets, as can be seen in figure 2 (a). Within both collected
datasets, the generalised angularities [2]

— multiplicity — λ0
0,

— pDT — λ2
0,

— LHA — λ1
0.5,

— width — λ1
1, and

— mass — λ1
2

were calculated
λκ
β =

∑
i∈jet

zκi θ
β
i , (1)

where i represents the jet constituent, zi is the transverse momentum frac-
tion of the jet constituent zi ≡ pTi∑

j∈jet pTj
∈ [0, 1], and θi ≡ Rin̂

R ∈ [0, 1]

is given using Rin̂, the rapidity-azimuth distance to the jet axis, and R is
the jet-radius parameter. Having jet angularites from both datasets col-
lected at different energies enables to derive quark and gluon angularities,
which can potentially differentiate quark jets from gluon jets on a statis-
tical basis. The method of derivation of quark and gluon angularities is
described in Section 3. As a cross-check of this method, jets are tagged as
quark or gluon based on the closest parton in the rapidity-azimuth distance
∆R(jet,parton). From these tagged jets, the quark and gluon angularity
distributions, labelled “truth” distributions, were calculated and compared
against those derived by the presented method.
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2. Event selection

The jets from dijet events pp → jj were generated using event generators
Herwig 7.2.2 [3, 4] (MMHT2014lo68cl PDF set [5]) and PYTHIA 8.240 [6, 7]
(NNPDF2.3 QCD+QED LO PDF set [8]) at four different centre-of-mass
energies

√
s = 900 GeV, 2.36 TeV, 7 TeV, and 13 TeV simulating the LHC

runs. For simplicity, Section 3 explains the method using two of these en-
ergies, but the result plots are presented using all four listed energies. The
anti-kT algorithm [9] implemented in the FastJet package [10, 11] with radii
R = 0.2, 0.4, 0.6, 0.8, and 1.0 was used for jet reconstruction. Transverse
momentum pT cuts on the jets were applied

pTsublead/pT lead > 0.8 (2)

and
(pT lead + pTsublead)/2 > pcutT , (3)

where pT lead and pTsublead is the transverse momentum of the leading, and
subleading jet respectively. Four transverse momentum cuts pcutT = 50, 100,
200, and 400 GeV were taken into account. Also the impact of jet trim-
ming (see e.g. [12–15]) was tested by applying a modified mass drop tagger
(MMDT) with µ = 1 [12, 16] (equivalently, soft drop declustering with β = 0
[17]) and zcut = 0.1.

3. Quark and gluon angularities

Five types of angularities were calculated according to equation (1) at
different

√
s = 0.9, 2.36, 7, and 13 TeV. For example, in figure 1, the jet

angularities λ0
0 (multiplicities, R = 0.4, pcutT = 100 GeV) are plotted by green

dashed line — 900 GeV and by black line — 13 TeV. Each distribution λ0
0

at the energies 900 GeV and 13 TeV obtains different portions of quark and
gluon jets

λ = fλg + (1− f)λq , (4)

where f is the fraction of gluon jets, (1 − f) fraction of quark jets, λg

gluon angularity, and λq quark angularity. To obtain quark λq and gluon λg

angularities, the idea is to use jet angularities derived (or ideally measured)
at two energies. Without loss of generality with respect to the example in
figure 1, the equations take the form of

λ900 = f900λg +
(
1− f900

)
λq , (5)

λ13000 = f13000λg +
(
1− f13000

)
λq , (6)

where the upper script refers to the two energies 900 GeV and 13 TeV.
Assuming that quark λq and gluon λq angularities are independent of the
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energy, one can extract the quark angularity λq as

λq =
f13000λ900 − f900λ13000

f13000 − f900
, (7)

and the gluon angularity λg as

λg =

(
1− f900

)
λ13000 −

(
1− f13000

)
λ900

f13000 − f900
. (8)

The coefficients f900 and f13000 are set by simulation and will be discussed in
Section 4. The resulting quark λq (red/light grey) and gluon λg (blue/grey)
angularities (multiplicities) are plotted in figure 1. Expressing equations (7)
and (8) for general choice of energies s1 and s2 gives

λq =
fs1λs2 − fs2λs1

f s1 − fs2
(9)

and

λg =
(1− f s2)λs1 − (1− fs1)λs2

fs1 − fs2
. (10)
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Fig. 1. (Colour on-line) Derived distributions of quark and gluon angularity (mul-
tiplicity) λq (red/light grey line) and λg (blue/grey line) as linear combinations
of those measured at different energies (green dashed line and black line). Figure
taken from [1].
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4. Gluon fraction coefficients fs1 and fs2

While hadronization and parton showering are being switched off in the
Monte Carlo generators Herwig 7 and PYTHIA 8, the gluon fraction was de-
fined as a function of pT

f(pT) =
Ngluons(pT)

Ngluons(pT) +Nquarks(pT)
, (11)

where N is the number of partons (quarks or gluons). In figure 2 (a) the
examples of gluon fractions as a function of transverse momentum f(pT)
at

√
s = 900 GeV and 13000 GeV of Herwig (solid lines) are showed. In

figure 2 (b), the pT distributions of jets (R = 0.4) that passed the event
selection cuts obtained by running a Monte Carlo simulation (including
hadronization and parton shower) at two different collision energies 900 and
13000 GeV are shown. The mean ⟨pT⟩ of the jet distribution for the two
energies are as follows:

— jet pT (
√
s = 900 GeV) → ⟨pT⟩ = 114.57 GeV,

— jet pT (
√
s = 13 TeV) → ⟨pT⟩ = 125.63 GeV.
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Fig. 2. (Colour on-line) (a) gluon fractions obtained using equation (11) from Her-
wig’s simulation of proton–proton dijet process without hadronization and parton
showering at

√
s = 900 GeV f900 (blue/black solid line) and

√
s = 13000 GeV

f13000 (red/grey solid line). Dashed lines show the chosen values f900 and f13000

for the point at the mean of the jet pT distributions. (b) Normalised transverse mo-
mentum of the leading and subleading jets at energy 900 and 13000 GeV. Dashed
lines represent the mean of the distributions used to evaluate the coefficients of the
gluon fraction. Figures taken from [1].
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The scaling coefficients f900 and f13000, as illustrated by the dashed lines in
Fig. 2 (a), are obtained using the gluon fractions at the point of ⟨pT⟩

f900 = f900(⟨pT⟩) = f900(114.57 GeV) = 0.33 , (12)
f13000 = f13000(⟨pT⟩) = f13000(125.63 GeV) = 0.73 . (13)

5. Results

Figure 3 (a) shows the multiplicities λ0
0 (R = 0.4, pcutT = 100 GeV) of the

quark jets (red/light grey lines) and the gluon jets (blue/dark grey lines).
The plot includes angularities derived using all 6 energy combinations which
are denoted by various types of lines. The dots represent the angularities de-
rived with the Multiple-Parton Interactions model (MPI) and Parton Shower
Initial-State Radiation (ISR) being switched off. In order to simplify such
a plot in figure 3 (a), figure 3 (b) shows the same observable, solid lines rep-
resenting the averaged quark and gluon angularities across different energy
combinations. The filled area builds the envelope of the different energy
combinations and the ticks represent the envelope of the statistical uncer-
tainties of the angularities. This averaged plot gives insight into how the
observables are robust to systematic effects.
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Fig. 3. (a) Quark and gluon multiplicities λ0
0 (R = 0.4, pcutT = 100 GeV) for all six

energy combinations, (b) averaged plot showing the envelopes of the different en-
ergy combinations as filled areas and their statistical uncertainties as ticks (below).
Figures taken from [1].

The results are summerized by figures 4 (a)–(e) which represent the best
selection based on the ∆comb score [1] for each type of angularity. The score
accounts for high separation power between quark and gluon angularities,
low negativity, robustness to MPI and ISR effects, and energy independence
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of the angularities. On top of that, the thick solid black lines indicate
truth quark and gluon distributions obtained by matching to partons using
minimal ∆R.
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(a) pDT λ2
0, R = 0.8, pcutT = 400 GeV
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(b) Mult. λ0
0, R = 0.2, pcutT = 200 GeV
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Fig. 4. (Colour on-line) Quark and gluon averaged angularities derived using Herwig
event generator, using the average of 6 energy combinations 900–2360, 900–7000,
900–13000, 2360–7000, 2360–13000, and 7000–13000 GeV. The thick black solid
lines indicate truth quark and gluon angularities obtained by matching to partons
using minimal ∆R. Figures taken from [1].
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6. Conclusion

The best-performing angularities presented in plots 4 (a)–(e) support the
assumption that, for these angularities, quarks and gluons remain indepen-
dent of collision energy. This conclusion is drawn from the relatively small
uncertainties, which represents angularities derived at different energy com-
binations. The truth distributions are in agreement within uncertainties in
the case of quark angularities, while gluon truth angularities are slightly
shifted out of the uncertainty band in a few bins. The study demonstrates
that it is feasible to perform measurements based on the proposed method
at the LHC at energies of 7 TeV and 13 TeV.
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