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We present the first anti-kT jet spectrum and substructure measurements using the archived ALEPH
𝑒+𝑒− data taken in 1994 at a center of mass energy of

√
𝑠 = 91.2 GeV. Jets are reconstructed with

the anti-kT algorithm with a resolution parameter of 0.4. It is the cleanest test of jets and QCD
without the complication of hadronic initial states. The fixed center-of-mass energy also allows
the first direct test of perturbative QCD calculation. We present both the inclusive jet energy
spectrum and the leading dĳet energy spectra, together with a number of substructure observables.
They are compared to predictions from PYTHIA6, PYTHIA8, Sherpa, HERWIG, VINCIA, and
PYQUEN. None of the models fully reproduce the data. The data are also compared to two
perturbative QCD calculations at fixed next-to-leading order and with next-to-leading logarithmic
resummation. The results can also serve as reference measurements to compare to results from
hadronic colliders. Future directions, including testing jet clustering algorithms designed for
future electron-ion collider experiments, will also be discussed.
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1. Introduction

Experimental signatures similar to those typically attributed to the quark-gluon plasma have
been observed in progressively smaller systems, for example the ridge-like enhancement in two-
particle long range correlation in high multiplicity proton-proton collisions at the LHC [1]. Jet-
related observables, however, do not show any signs of modification so far in smaller systems. It
is therefore of interest for jet measurements in the smallest 𝑒+𝑒− collision systems. Previous jet
measurements in LEP (see e.g. [2]) were limited to earlier generations of jet-finding algorithms
and couldn’t be directly compared with recent results from hadronic collisions at the LHC and
RHIC (e.g. [3–5]), where the anti-kT [6] algorithm is commonly used. In the current work [7],
we performed the first measurement of energy spectrum and substructure of anti-kT jet using the
archived data from the ALEPH experiment.

2. Jet reconstruction and calibration

Detector-level jets are clustered [8] from the energy-flow objects with the anti-kT algorithm
with a distance parameter of 0.4, using the spherical-coordinate variant of the algorithm suitable for
the 𝑒+𝑒− collision system with energy 𝐸 instead of transverse momentum 𝑘T and opening angle \

instead of Δ𝑅 ≡
√︁
Δ[2 + Δ𝜙2. Due to the small inactive area around the beam pipe, in order to avoid

jets that overlap with it, only jets within the acceptance region 0.2𝜋 < \jet < 0.8𝜋 are considered.
A hadronic event selection [9] is applied to reject events with only electromagnetic interactions.

Jets are calibrated with a multi-step procedure. As the first step, they are corrected to truth-level
jet energies using the archived simulated Pythia6 [10] sample in different bins of jet direction \jet.
Additional data-simulation differences are derived. Through leading dĳet energies the 𝑒+-going
and the 𝑒−-going sides of the detector are intercalibrated. The absolute scale is then derived using
the event-wide multĳet mass, comparing data to simulation, excluding tails which may contain
additional effects. The magnitude of the data-simulation difference goes up to 1%.

The energy resolution of jets is evaluated first in simulation. The difference in resolution
between data and simulation is measured using the leading dĳet energy balance, using the third-
leading jet as a handle for systematics on the method. The measured relative resolution difference
is up to 5% between simulation and data.

For the jet substructure considered in this work, the SoftDrop [11, 12] grooming algorithm
is used with parameters 𝑧cut = 0.1, 𝛽 = 0.0. The algorithm cleans soft particles scattered at large
angles and identifies two subjets, which can be used to define observables. A few observables are
measured: 𝑧𝐺 , defined as the energy fraction carried by the smaller of the two subjets; 𝑅𝐺 , the
opening angle between the two subjets; 𝑀𝐺/𝐸 , the groomed jet mass divided by the energy of the
jet; and 𝑀/𝐸 , the invariant mass of the whole jet before the grooming algorithm normalized to the
energy of the jet. Results with additional parameter settings and different algorithms are left for
future studies.

3. Analysis

The results are unfolded to account for detector smearing effects. One example transfer matrix
is shown in Fig. 1 for measurement of jet energy spectrum. The difference in resolution between data
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and simulation is incorporated. Due to the migration in energy between truth-level and detector-
level, for substructure measurements the unfolding is done in two dimensions in conjunction with
the jet energy.

Figure 1: Transfer matrix for inclusive jet energy measurement.

In order to better quantify the in-cone energy, spectrum of global leading dĳet energy is
measured. A correction is derived from simulation to account for cases where some of the energies
of the jet is missing due to overlap with the beam direction.

Sources of systematic uncertainties include jet energy scale and resolution, contribution from
combinatorial jets not associated with a parton from the hard process, unfolding, and modeling.
For the energy spectra measurements, the dominant source is jet energy scale and resolution, while
for the substructure measurements the dominant is from the modeling.

4. Results

The unfolded energy spectrum is shown in Fig. 2. In the left panel the measured energy
spectrum is compared with Pythia6 [10], Pythia8 [13], Herwig 7.2.2 [14] and Sherpa [15]
generators. The peak above 40 GeV comes from the dominant 𝑒+𝑒− → 𝑞𝑞 process, while the rise at
lower energy are from multĳet topologies or energies escaped from the leading jets. The generators
generally describe the peak region well, but some discrepancies are observed at low energy. The
data is also compared with next-to-leading logarithmic (NLL’) resummation calculation [16], and
a general good agreement is observed. Parton level fixed next-to-leading order spectrum is also
shown.

In Fig. 3 the measured leading dĳet energy is shown. Even though some trends are seen in the
ratio plots, the larger systematic uncertainty prevents a precise statement. In this case the dominant
uncertainty comes from the modeling uncertainty originating from the fact that only one set of
detector-level simulation is available to use for studies.

The groomed jet energy balance 𝑧𝐺 and radius 𝑅𝐺 are shown in Fig. 4 for jets with 𝐸 > 40
GeV. Jets that do not result in two valid subjets through the SoftDrop algorithm are shown in the
bin below 0. The 𝑧𝐺 distribution for high energy jets is similar to what has been observed in other
collision systems. There is a deviation up to 10% between the data and simulations, consistent
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Figure 2: Measured jet energy spectrum compared with Monte-Carlo simulations (left) and next-to-leading
logarithmic resummation calculations and parton-level fixed next-to-leading order spectrum (right).

Figure 3: Measured leading dĳet jet energy compared with Monte-Carlo simulations (left) and next-to-
leading logarithmic resummation calculations (right).

with the level of discrepancy observed in proton-proton collisions at the LHC. The bulk of the 𝑅𝐺

distribution is well-described by simulations.
An example of groomed jet mass normalized by jet energy (𝑀𝐺/𝐸) is shown in Fig. 5. In the

left panel jets with small energy is shown, while in the right panel we show jets with 𝐸 > 40 GeV.
The general behavior is distinct between low and high energies, indicating that the particles are
more spread out for low energy jets, whereas the higher energy jets behave more similar to the high
𝑝𝑇 jets seen in hadron colliders. The general shape is nevertheless captured by simulations. Similar
to the observation in 𝑅𝐺 , the tail of the distributions are less well captured by the simulations.

The full list of results, including results from other jet energy ranges, full jet mass 𝑀/𝐸 and
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Figure 4: Measured groomed jet energy sharing 𝑧𝐺 (left) and 𝑅𝐺 (right) for inclusive jets with jet 𝐸 > 40
GeV. The data is compared with predictions from various generators.

Figure 5: Measured groomed jet mass normalized by jet energy for jets with 10 < 𝐸 < 15 GeV (left) and
𝐸 > 40 GeV (right) for inclusive jets. The data is compared with predictions from various generators.

the sum of leading dĳet energy, can be found in ref [7].

5. Summary

We presented the first measurement of the energy and substructure of anti-kT jets in 𝑒+𝑒−

collisions using the archived ALEPH data. The data is generally described by popular event
generators, however, some deviations are present for low jet energy and substructure observables.
The result can provide input to QCD theory calculations and event generators. The calibrated jets
also serve as an excellent testing ground for new algorithms in a clean environment without hadronic
initial states.
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