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This paper describes a novel method for measuring quark/gluon jet
properties at the Large Hadron Collider (LHC) at CERN. The advantage
of this method is the use of data collected at different energies during LHC
operation, allowing these data sets to be combined to obtain distributions of
jet properties categorized into quark- and gluon-jet samples on a statistical
basis. The method is presented with various angularity observables, and
the search for the most useful observables is performed.
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1. Introduction

When high-energy quarks or gluons are produced in a particle colli-
sion, they cannot exist as isolated particles due to the nature of the strong
force. Instead, they quickly undergo a process called parton showering and
hadronization, resulting in a stream of particles moving in roughly the same
direction. This collimated spray of particles is called a jet and is tightly con-
nected to the jet reconstruction algorithm. Having a method to distinguish
jets initiated by quarks or gluons is crucial for improving the separation of
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signal from background in various processes in high-energy physics experi-
ments. Detailed aspects and additional studies of the presented method are
shown in [1].

This study focuses on five generalised angularities A% of jets named de-
pending on the choice of exponents x and (3 [2]:

— multiplicity — A9,

— PR — X,

— LHA — X},

— width — A}, and
— mass — Ad.

The exponents k and 3 of each angularity )\g enter the calculation

N EDIEA (1)

i€jet
where the sum loops over the jet constituents ¢, z; stands for transverse
momentum fraction of the jet constituent z; = ﬁ € 10,1], and 6; =
jEjet J

% € [0,1] is calculated using R;; — the rapidity-azimuth distance to the
jet axis, and R is the jet-radius parameter.

2. Sets of jets

The sets of jets from dijet events pp — jj were produced using two 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, 13 TeV as they would be collected
at the Large Hadron Collider (LHC) at CERN. For the reconstruction, the
Anti-kr 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. Two transverse momentum pr
criteria of the jets were applied

pT sublead/pT lead > 0.8 (2)

and
cut

(pT lead T PT sublead)/2 >Pr (3)

where prieaq 18 the transverse momentum of the leading jet and prsuplead
is the transverse momentum of the subleading jet. Four different transverse
momentum cuts pCT“t = 50, 100, 200, and 400 GeV were studied. In addi-
tion to directly measuring the angularities, the impact of jet grooming (see
e.g. [12-15]) was tested using a modified mass drop tagger (MMDT) with
p =1 [12, 16] (equivalently, soft drop declustering with 8 = 0 [17]) and
Zeut — 0.1.



New Approach to Measuring Quark—Gluon Jets at the LHC 2-A9.3

3. Quark and gluon angularities

Once having a collection of jets at four different energies 900 GeV,
2.36 TeV, 7 TeV, and 13 TeV, the five types of jet angularities A were calcu-
lated as a function of jet p$** and radius R according to equation (1). The
example of jet angularities A} (multiplicities, R = 0.4, p3* = 100 GeV) is
shown in figure 1 by the green dashed line for the energy of 900 GeV and by
the black line for the energy of 13 TeV. Each distribution A\J at the energies
of 900 GeV and 13 TeV is composed of a different abundance of quark and
gluon jets, which can be generally written for one of five jet angularities A

as

/\:f)‘g"‘(l_f)/\qv (4)
where f is the fraction of gluon jets, (1 — f) fraction of quark jets, A\, gluon
angularity, and A\, quark angularity. The study aims to extract quark A,
and gluon A\, angularities and the key idea is to use jet angularities derived
(or ideally measured) at two distinct energies coming back to the example
in figure 1, we could write

)\900 — f900)\g + (1 o f900) /\q’ (5)
)\13000 — f13000)\g + (1 _ f13000) Aq; (6)
where the upper script refers to the two distinct energies of 900 GeV and

13 TeV. Assuming quark )\, and gluon )\, angularities are independent of
the energy, one can extract quark angularity A,

f13000A900 _ f900)\13000
Ag =

f13000 _ f900 ’ (7)

and gluon angularity Ay,

(1 _ f900) )\13000 _ (1 _ flSOOO) )\900

Ag = f13000 — £900 ' (8)

f900 flSUOO

The fractions and are taken from the simulation and will be
discussed in the following Section 4. Examples of quark A\, and gluon )\,
angularities (multiplicities) are plotted in figure 1 by red and blue lines
respectively. Equations (7) and (8) can be expressed in a more general form
for any arbitrary choice of energies s; and so as

fsl)\sz _ fSQ)\Sl
R T

Aq
and
(L= )X — (= f) 3

Yo g
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Fig. 1. Derived distributions of quark and gluon angularity (multiplicity) A, (red
line) and A4 (blue line) as linear combinations of those measured at different ener-
gies (green and black lines). Figure taken from [1].

4. Gluon fractions f°! and f*2

By disabling hadronization and parton showering in the Monte Carlo
generators Herwig 7 and Pythia 8, the gluon fraction was defined as a function
of pr
N, gluons (pT)

, 11
N, gluons (pT) + N, quarks (pT) ( )

where N represents the number of partons (quarks or gluons). In the left
panel of figure 2, we show examples of gluon fractions as a function of trans-
verse momentum f(pr) at /s = 900 GeV and 13000 GeV of Herwig (solid
lines). In the right panel of figure 2, we show the pr distributions of jets
(R = 0.4) that passed the event selection cuts obtained by running a com-
plete Monte Carlo simulation (including hadronization and parton shower)
at two different collision energies of 900 and 13000 GeV. The transverse mo-
mentum mean (pr) of the jet distribution for the two energies is as follows:

— jet pr (/s =900 GeV) — (pr) = 114.57 GeV,
— et pr (VB = 13 TeV) — (pr) = 125.63 GeV.

f(pr) =

f900 f13000

The scaling coefficients and , as illustrated by the dashed lines in
figure 2, are obtained using the gluon fractions of the left panel at the (pr)
derived from the right panel of figure 2

FO00 = £900 (1) = #990(114.57 GeV) = 0.33, (12)

F13000 — £13000 (1, 4y — 13000195 63 GeV) = 0.73. (13)
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Fig. 2. Left panel: gluon fractions obtained from Herwig’s simulation of the proton—
proton dijet process without hadronization and parton showering at /s = 900 GeV
f2% (blue solid line) and /s = 13000 GeV f13990 (red solid line). Dashed lines
show the chosen values f7°° and f'30%0 for the point at the mean of the jet pr
distributions. Right panel: Normalised transverse momentum of the leading and
subleading jets at the energies of 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].

5. Results

In the left plot of figure 3, an example shows, similar to figure 1, the
multiplicity AJ (R = 0.4, p3* = 100) of the quark jets (red lines) and the
gluon jets (blue lines). The plot includes angularities derived using all 6 en-
ergy combinations using full simulation, which are denoted by various types
of lines. Additionally, the dots represent the angularities derived with MPI
and ISR turned off. For simplicity, the right panel shows the same observ-
able, solid lines representing the averaged ¢/g 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
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Fig.3. Quark and gluon multiplicities A (R = 0.4, pS** = 100) for all six energy
combinations (above) and 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].
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uncertainties of the angularities. By comparing this plot with the example in
figure 1, one can gain additional insight into how the observables are robust

to systematic effects.

Figures 4 (a)—(e) represent the best selection based on Ao 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 of the angularities.
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Fig.4. Quark and gluon averaged angularities derived using the Herwig event gen-
erator, using the average of 6 energy combinations 900-2360, 900-7000, 900-13000,
2360-7000, 2360-13000, and 700013000 GeV. Figures taken from [1].
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6. Conclusion

The best-performing angularities presented in plots 4 (a)—(e) provide
convincing evidence supporting the assumption that, for these angularities,
quarks and gluons remain independent of collision energy. This conclusion is
drawn from the relatively narrow envelope of the filled area, which represents
angularities derived at different energy combinations. Plots show the inde-
pendence of energy for higher-pr jets except multiplicity with large-radius
jets, where we found the uncertainties to be too high to be useful. We have
shown that it is feasible and interesting to perform ¢/g-jet measurements
based on the proposed method at the LHC at the energies of 7 (or 5) TeV
and 13 TeV.
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