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Abstract: Jet reconstruction is a key technique at future energy-frontier e+e− colliders. Classical
e+e− algorithms are tested by several new challenges. In this contribution results are presented of
studies into the jet reconstruction performance at high-energy e+e− colliders.

Introduction

A high-energy e+e− collider can provide precise measurements of the interactions of the Higgs boson
and the top quark. The Higgs-strahlung process (e+e− → ZH), with a maximum cross section at√
s ∼ 250 GeV), is accessible with a large circular machine [1][2]. The largest rings envisaged (with

a circumference of 100 km) can reach the top quark pair production threshold at
√
s ∼ 350 GeV [3].

Processes at still higher energies (vector-boson fusion Higgs production, associated production of
a top quark pair and a Higgs boson, di-Higgs boson production) are accessible at a linear collider.
The ILC [4][5] project envisages operation at 250 GeV and 500 GeV, with the possibility of an
upgrade to 1 TeV. The CLIC [6][7] project aims for multi-TeV operation, with an initial stage at
380 GeV.

An accurate reconstruction of hadronic final states is a prerequisite for a precise measurements
of Higgs boson and top quark couplings [8][9]. The linear collider detector concepts [10] achieve
excellent single-particle reconstruction with highly granular calorimeters [11][12], and particle-flow
algorithms [13]. Excellent jet clustering is required to take full advantage of the potential of the
machine and detectors.

Challenges to jet clustering

Jet clustering at high-energy colliders differs in several respects from previous e+e− colliders, such
as LEP or SLC. The most important effects are listed below:

• Multi-jet final states: processes with many jets in the final state become more important.
Key measurements at the lowest energy require an accurate reconstruction of four final-state
jets (e+e− → ZH, with hadronic Higgs and Z boson decays, e+e− → tt in the lepton+jets
channel). Processes with six-jet, eight-jet and even ten-jet final states open up. A correct
clustering of the reconstructed particles into jets turns out to be far from trivial even if the
inputs to the algorithm are accurately reconstructed. In analyses such as the extraction of
the Higgs self-coupling clustering has a dominant contribution to the mass resolution [14].

• Hard emissions: the phase space for the emission of hard gluons opens up. In some cases
the distance or energy scale of the emitted gluon is no longer small compared to the typical
distance between the decay products of gauge bosons. The n jets reconstructed with exclusive
clustering using a sequential recombination algorithm (the standard procedure at previous
lepton colliders and in benchmark studies of future e+e− colliders) may not correspond to
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the n final-state quarks. This problem may be circumvented in the pair production of very
energetic objects with hadronic decays (i.e. boosted gauge or Higgs bosons, or top quarks),
by reconstructing two fat jets that capture the energy flow of the boosted object [15][16].
For final states with a strong hierarchy between energy scales this effect leads to failures in
jet reconstruction in a small fraction of events (i.e. di-Higgs production at very high energy,
where the radiated Higgs boson remains rather soft).

• Forward processes: t-channel processes become increasing important. At high energy
the final-state products of processes such as vector-boson-fusion Higgs boson production are
strongly peaked in forward and backward directions [17]. Special care is needed in the detector
design and in the development of jet clustering algorithms to ensure robust jet reconstruction
performance over the full polar angle coverage of the experiment.

• Background processes: energy flow superposed on the signal event can affect jet recon-
struction. Where such backgrounds could safely be ignored at previous e+e− colliders, they
may have a non-negligible effect at future installations. The γγ → hadrons background
renders the classical e+e− algorithms inadequate for high-energy operation of linear collid-
ers [7][18][19][14]. At circular colliders the rate of γγ → hadrons is several orders of magnitude
smaller. The effect of synchrotron radiation, and appropriate shielding measures, remain to
be evaluated.

Higher energy also has some benificial effects. An additional boost collimates the jets, so that
confusion due to clustering is reduced. The relative size of non-perturbative corrections diminishes
strongly with increasing center-of-mass energy.

Robust jet clustering in the presence of background

The impact of pile-up due to the energy flow of γγ → hadrons was studied thoroughly as part
of the CLIC conceptual design studies [7][18]. In multi-TeV operation a bunch train may deposit
several TeV in the experiment. Timing cuts that select 1 ns around the signal bunch crossing reduce
this contribution to the order of 100 GeV. In the classical approach (represented in most studies
by exclusive clustering with the Durham algorithm [20]), all final-state particles are clustered into
jets. The reconstructed jet properties are found to be strongly affected by the background energy
flow [7][18][19][14]. At the highest energy classical e+e− algorithms are inadequate.

Several alternatives have been considered to achieve more robust performance in the presence of
background. The generalization of the e+e− algorithms with a beam distance [21] yields jets with
a limited area. Longitudinally invariant algorithms developed for hadron colliders [22][23] expose
even less area in the forward and backward parts of the experiment, where the γγ → hadrons
background is most pronounced. In the VLC algorithm proposed in Ref. [19][14] this feature is
combined with the traditional inter-particle distance of the Durham algorithm. The inter-particle
and beam distance of these three classes of algorithms are given in Fig. 1, together with an indication
of the jet area in the central and forward directions of the experiment.

The longitudinally invariant algorithms and VLC are found to be much more resilient than the
classical e+e− algorithms. The VLC algorithm outperforms the hadron collider algorithms in the
most demanding environment [19][14].

At the ILC, with a much smaller γγ → hadrons rate and a much larger bunch spacing, the effect
of this background is much less pronounced. Still, a modest but non-negligible improvement of
the performance can be achieved by adopting the VLC or longitudinally invariant algorithm. At
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Figure 1: The area or footprint of jets reconstructed with a radius parameter R = 0.5, for the

three major families of sequential recombination algorithms. The two shaded areas in each column

correspond to a jet in the central detector (θ = π/2) and to a forward jet (θ = 7π/8). Reprinted

from Ref. [14].

circular colliders the rate of γγ → hadrons is so low that its effect is expected to be negligible. The
impact of synchrotron radiation has not been evaluated in detail.

Perturbative and non-perturbative corrections

Even in the ideal case of a perfect detector response the jet energy differs from that of the final-
state parton due to a number of effects. The largest correction for jets with a finite size can be
addressed in a perturbative calculation. A smaller, non-perturbative correction remains. Ref. [14]
(following Ref. [24]) estimates both on simulated e+e− → qq and e+e− → tt from a Monte Carlo
event generator (the MadGraph5 aMC@NLO package [25] interfaced to Pythia 8.180 [26]).

As expected, the relative perturbative energy correction - evaluated as the difference between the
energy of the jet reconstructed on stable particles and the quark produced in the hard scatter
- is roughly independent of center-of-mass energy and decreases as the catchment area of the
jet increases. The correction is smallest for the classical e+e− algorithms is smallest. For the
longitudinally invariant and VLC algorithms with a radius parameter of 1.5, the average correction
is less than 2%. A tail towards lower reconstructed jet energy remains, however, resulting in a
median correction of approximately 5%.

Non-perturbative corrections are estimated as the difference between the energy of jets recon-
structed on stable particles and at the parton-level. The results for e+e− → qq production at√
s = 250 GeV (left panel) and e+e− → tt production at

√
s = 3 TeV (right panel) are shown in

Fig. 2. The distributions are again asymmetric, with significant differences between the mean and
median corrections (which can even have opposite signs). Non-perturbative corrections are reduced
for large radius parameter, but do not vanish completely. The most striking effect is the strong
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Figure 2: Non-perturbative jet energy corrections to the jet energy as a function of the jet radius

parameter R in e+e− → qq production at
√
s = 250 GeV (left panel) and e+e− → tt production

at
√
s = 3 TeV (right panel). The continuous line corresponds to the median relative correction,

the dashed line to the median. Results are shown for three algorithms: the generalized e+e−

algorithm, the longitudinally invariant kt algorithm and the VLC algorithm with β = 1. Reprinted

from Ref. [14].

reduction of the size of these corrections at high energy (the range of the Y-axis is reduced by a
factor ten in the rightmost panel).

The non-perturbative contribution to the invariant mass of the jet is more important, with relative
correction of several tens of % at low energy and a few % for

√
s = 3 TeV (for R = 1). Algorithms

with the e+e− inter-particle distance (generalized Durham and VLC) converge slightly faster than
the longitudinally invariant algorithms.

Conclusions

Jet clustering at future energy-frontier e+e− facilities faces several challenges that are new to e+e−

colliders. Multi-jet final states and final states with very forward jets are much relevant than at
LEP or SLC. Hard gluons emitted in events with relatively soft gauge bosons challenge exclusive
jet reconstruction. Background such as γγ → hadrons or synchrotron radiation may affect the jet
reconstruction performance.

Detailed benchmark studies of the ILC and CLIC design study groups that jet clustering is the lim-
iting factor in the analysis of complex multi-jet final states. Studies with realistic background levels
show that for the most demanding environment in multi-TeV operation classical e+e− algorithms
are inadequate. Longitudinally invariant algorithms and the VLC algorithm proposed in Ref. [19]
prove to be much more resilient. Classical e+e− algorithms, on the other hand, show faster con-
vergence of energy corrections with the radius parameter of the algorithm. The non-perturbative
correction associated to hadronization decreases strongly with center-of-mass energy: from 1% at√
s = 250 GeV to less than a per mil at

√
s = 3 TeV.

Given the relevance of jet clustering for the potential of high-energy e+e− colliders we encourage new
ideas and more exhaustive performance study for existing algorithms (e.g. those of Refs. [27][28]).
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