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Even though jet substructure was not an original design consideration for the Large Hadron Collider (LHC) experiments, it has emerged as an essential tool for the current physics program. We examine the role of jet substructure on the motivation for and design of future energy Frontier colliders. In particular, we discuss the need for a vibrant theory and experimental research and development program to extend jet substructure physics into the new regimes probed by future colliders. Jet substructure has organically evolved with a close connection between theorists and experimentalists and has catalyzed exciting innovations in both communities. We expect such developments will play an important role in the future energy Frontier physics program.
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1 INTRODUCTION
Jets produced from high energy quarks and gluons through quantum chromodynamics (QCD) have a complex composition. This jet substructure (JSS) has emerged as a powerful framework for studying the Standard Model (SM) at particle colliders, and provides a key set of tools for probing nature at the highest energy scales accessible by terrestrial experiments [1–8]. While not an experimental or theoretical consideration of the Large Hadron Collider (LHC) experiments’ original designs, JSS is now being widely used to extend the sensitivity of searches for new particles, to enhance the precision of measurements of highly-Lorentz-boosted SM particles, as well as to probe the fundamental and emergent properties of the strong force in new ways. Along the way, the JSS community has been a catalyst for new detector concepts, new analysis tools (e.g., using deep learning), new theory techniques, and more. Jet substructure has transformed the physics program of the LHC and it can play a central role in the physics case for and the design considerations of future colliders.
As the particle physics community decides what the direction of the field should be in the middle part of the 21st century, it is useful to assess the state of JSS techniques that have developed over the last decades and to highlight the utility in various future collider scenarios. Efforts to investigate these scenarios are currently under way by the broader community, with pros and cons for many different strategies, for instance in the European Committee for Future Accelerators [9], and as part of the Snowmass 2021 process in the US (for which this paper is a contribution) [10]. While it is not yet clear what the future energy Frontier machine(s) will be, it is clear that jets and JSS will play an important role in the physics program of the future.
In this forward-looking perspective paper1, we will investigate the opportunities and challenges associated with the various types of future colliders in the context of JSS. We will discuss both lepton and hadron colliders, including Higgs factories and ultra high energy machines. This paper is organized as follows. In Section 2, we give a brief introduction to various signatures of interest for JSS physics. We then outline the multiple avenues of research that the will be important in the context of Snowmass 2021. We believe that numerous topics of relevance for the Snowmass process should be discussed and evaluated with explicit considerations of the impacts for and benefits from JSS theory, phenomenology, and experimental tools (both hardware and software). These topics will be covered in a section on Theoretical Innovation (Section 3), Experimental Innovation (Section 4), and Enhancing Sensitivity (Section 5). We forgo a conclusion section in favor of the executive summary preceding this introduction.
2 SIGNATURES OF INTEREST
There are a large number of signatures that can benefit from JSS at future colliders. In general, JSS techniques are applied to tag Lorentz-boosted massive particles (H/W/Z bosons, top quarks, and BSM particles) and to explore the structure of the strong force in final state radiation on small angular scales. This section briefly introduces various categories in the context of both SM measurements and BSM searches.
2.1 Light Quark and Gluon Jets
2.1.1 Measurements
High energy quark and gluon jets provide important probes of a variety of quantum chromodynamic (QCD) phenomena. These jets can be used to study perturbative aspects of QCD as well as features of QCD that cannot currently be described with perturbation theory. For the latter case, there are cases where scaling relations can be predicated and tested across a wide range of energies. These final states can be used to measure the strong coupling constant, to extract various universal objects within factorized QCD, to tune Parton Shower Monte Carlo generators, as well as other tasks. Quark and gluon jets were also studied at previous colliders, but higher energy machines allow for a suppression of non-perturbative effects as well as a larger lever arm for testing scaling behaviors.
2.1.2 Searches
Quark and gluon jets are statistically distinguishable due to their different fragmentation processes. Quark vs. gluon jet tagging has been a standard benchmark for the development of new classical and machine learning-based jet taggers. Many SM and BSM final states of interest are dominated either by quark or gluon jets, in contrast to the dominant background processes. Quark versus gluon jet tagging [11–15] can help enhance such signals, although these jets are not as seperable as other objects described below.
See also Refs. [16–18] for further details.
2.2 Bottom Quarks
Bottom quarks are prevalent in BSM decays as well as in the decays of H/Z bosons, and top quarks. Bottom quark jets are highly separable from other jets due to the long lifetime of the bottom quark and the heavy mass of bottom-flavored hadrons. In addition to lifetime information, jet substructure can be used to further separate these jets from other jets [19, 20].
A similar story is true to a lesser extent for charm quark jets [21, 22] and to an even lesser extent for strange quark jets [23–25].
2.3 H Boson
A main goal of the HL-LHC, as well as future Higgs factories, is to study the H boson [26, 27] in as much detail as possible. This includes detailed measurements of the branching fractions (BF). In the [image: image] and [image: image] final states, current analyses at the LHC [28–34] utilize kinematic criteria that identify hadronically decaying H bosons that have Lorentz factors larger than 1. These are moderately to fully boosted topologies. identify these final states. In addition, BSM physics that decay to H bosons (or other Higgs-like scalars) can also utilize these reconstruction techniques as is done in the current LHC experiments (a review can be found in Ref. [35]). In particular, specifically for bottom and charm quark final states, flavor and lifetime information can be used in addition to the jet substructure to improve categorization. Many all future collider scenarios result in copious Higgs bosons produced with large Lorentz boosts, so the techniques developed at the LHC will be broadly applicable for these cases as well.
2.4 W/Z Bosons
The cross sections and branching ratios of W and Z bosons are extremely well known via leptonic channels and previous LEP measurements [36]. However, W and Z bosons often participate in BSM scenarios, so can be present in many final states of these models (see a review in Ref. [37]). For example, in SM extensions with an additional real [38] or complex [39] scalar field S, resonant hS and SS production [40–42] can lead to an enhanced rate of highly-boosted W/Z bosons.
The identification of W and Z bosons is similar to the H boson, however the masses are slightly lower and they often do not decay to bottom or charm quarks, so there are fewer handles to use to identify them. This often leads to lower efficiency and purity in selections [43–47].
The phenomena of W and Z bosons radiating off of very high energy jets (“Weak-strahlung”) is a new area that is not very likely at the LHC (although there are measurements of W bosons nearby jets [48]). Even standard QCD jets that originate from quarks or gluons can have additional information from jet substructure. New colliders provide an opportunity to study the phenomenon, and this may contribute to mis-identification rates of other algorithms.
In addition, W/Z bosons in vector-boson fusion initial states can also be more highly boosted than in s − or t − channel creation. Boosted techniques can also be used to appropriately identify these collisions at future colliders.
Finally, study of the vector boson scattering (VBS) process informs the degree to which the Higgs mechanism is the source of EWSB and thus provides an important test of the SM. Additionally, new physics that alters the quartic gauge couplings (QGC) [49, 50], or involves new resonances [51, 52], predict enhancements for VBS at high pT of the vector bosons and invariant mass of the diboson system. At large m (VV) of most interest, 2 W/Z bosons are produced with large momentum and a hadronically-decaying boson can be reconstructed using boosted-boson tagging techniques that exploit jet substructure [43–47].
2.5 Top Quark
The top quark is a special quark with a Yukawa coupling close to unity. This makes it a likely participant in many BSM models to explain the hierarchy problem. The top quark nearly always decays to a W boson and a bottom quark [36]. At the LHC, even SM production of top quark pairs can result often in boosted final states [53–58]. In addition, many BSM scenarios have boosted top quarks participating in the event (a review can be found in Ref. [37]).
The jet substructure of top quarks is, in some sense, an ideal case, since there are two heavy SM particle masses to utilize (the top quark and W boson), as well as lifetime and flavor information in the final state particles. This provides a strong handle to identify top quarks.
Especially at higher-energy future colliders, the analysis of collisions containing top quarks will be ever more reliant on jet substructure and boosted topologies. Similarly to the W and Z bosons, there may also be top quark production within a jet that originates from light quarks or gluons via gluon splitting to [image: image], similarly to the case at the Tevatron and LHC for bottom quarks. These types of events will need to be handled separately from events without these gluon splittings. Jet substructure and boosted techniques will play an increasingly important role here also.
2.5.1 Multi-Class Tagging
While most tagging studies focus on binary classification (one signal vs. one combined background), it is also possible to simultaneously tag multiple signals at the same time (see e.g., Ref. [59]). Multiclass classification methods output a score for each signal and background type that often corresponds to the probability that the jet belongs to the class given the inputs (with prior probabilities as in the dataset). While such approaches may not necessarily improve classification accuracy (with sufficient training examples), they can provide flexibility for downstream analyses.
2.6 Background Processes
For all of the signatures described above, there are a variety of physics backgrounds that obfuscate the target signatures. At hadron colliders, this is the result of multiple, nearly simultaneous collisions (pileup) as well as underlying event, and multiparton interactions. A variety of jet grooming techniques have been developed to mitigate these effects (see e.g., Refs. [1–4]). While similar backgrounds in e+e− are often much smaller, beam-induced backgrounds in muon colliders [60] could potentially benefit from similar techniques developed for hadron colliders.
3 THEORETICAL INNOVATION
In the last several decades, major advances in theoretical techniques have drastically improved our understanding of the nature of QCD radiation (a review is found in Ref. [5]). A combination of fixed-order, resummation, non-perturbative, and machine-learning techniques have opened new avenues of study, guided by extensive measurements of these processes at the LHC and elsewhere. Some studies of these topics with respect to collider scenarios is highlighted in Ref. [18]. In this Section, we focus on the develompents of Monte-Carlo (MC) event generators, particularly as applied to new collider scenarios and to improve JSS modeling. Monte-Carlo (MC) event generators provide the link between the theoretical calculations and experimental measurements through a fully differential simulation of final states [61]. These are a combination of fixed-order, resummed, and non-perturbative effects [62–67]. At present, the majority of the uncertainty that lies in JSS is in the so-called “physics model” [68, 69], which includes the parton shower and hadronization, the former of which performs the QCD evolution, and the latter of which is performed with either the Lund string model [70, 71] or the cluster model [72–74].
The MC event generators most commonly used to compare to experimental measurements at the LHC are Herwig [75], Pythia [76] and Sherpa [77]. They contain various parton-shower models for the simulation of jet evolution, and cover a broad spectrum of matching and merging techniques. Several recent studies compared the physics performance of these generators for a large number of processes of relevance to the LHC [16, 78–85] and observed good agreement in their predictions for identical input parameters. For any given generator, the prediction may however strongly depend on those parameters, i.e., on the generator tune. Improvements in these tools will give a better event-by-event simulation of collisions with JSS, and will allow better modeling of background processes as well as better inputs to advanced ML-based techniques.
One typical parametric uncertainty is the value of the strong coupling. Another common systematic uncertainty is the recoil scheme in the parton shower, which impacts a Monte-Carlo prediction in a different way than an analytical resummation, due to momentum and probability conserving effects in the event generator. These effects must however not influence the Monte-Carlo result in those regions where momentum conservation becomes irrelevant, and where analytic results can be obtained for certain observables. Much effort has been devoted recently to understanding these constraints in the context of parton-shower algorithms [86–88], and in providing parton showers that satisfy the theoretical boundary conditions [89–91]. In addition, some observables require the understanding of sub-leading color and spin effects, which are typically absent in parton-showers used for LHC physics. There has been renewed interest in implementing algorithms to include these spin correlations [92–96], and in including sub-leading color corrections for non-global observables [97, 98]. Some efforts have also been made to devise a generic approach for implementing higher-order corrections to the parton-shower splitting kernels in a fully differential form [99–103]. All these improvements will help to link analytic predictions for resummed jet observables to event generator predictions.
Systematic uncertainties also arise in the combination of fixed-order computations with parton showers. Matching algorithms for next-to-leading order (NLO) QCD calculations [104, 105] mainly differ in their treatment of real-radiative corrections. When observables become sensitive to either radiation (e.g., jet-pT) or inhibited radiation (e.g., jet veto), this difference can create the dominant uncertainty. Similarly, merging algorithms, both at leading order [106–108] and at next-to-leading order [109–111] have associated uncertainties, which are mostly related to the matching algorithm for the underlying NLO calculations, and to the treatment of unitarity [111, 112]. Uncertainties in current NNLO matching algorithms arise from the precise technique being used to devise the resummed result at small transverse momentum in the case of resummation based approaches [113–115], and again from the treatment of unitarity in all approaches [111, 112, 116–118].
Finally, systematic undertainties may arise from the implementation of semi-hard physics effects, such as multiple scattering [119, 120] and hadronization [74, 121–123]. It is to be kept in mind that often the study of hadronization uncertainties is performed by replacing not only the hadronization model itself, but also the parton shower. This procedure is ill-advised, as the true hadronization uncertainty is almost always overestimated (however, see Ref. [124]). Studies using different hadronization models with identical perturbative input have demonstrated that in many cases the hadronization uncertainties are subdominant [84, 125, 126].
4 EXPERIMENTAL INNOVATION
Future colliders often have substantively different characteristics compared to the LHC. Higher-energy pp colliders will have more radiation and pileup, with the SM particles being produced with enormous Lorentz boosts and often in the forward region of the detector. Muon colliders will have beam-induced backgrounds. Electron-positron colliders have simpler environments due to lack of pileup and a precise measure of the z position of interactions. These all come with challenges and opportunities that can be exploited. This can come in the form of detector optimization for JSS, improved reconstruction algorithms, and in improved calibration and systematic uncertainties. These are covered in the following section.
4.1 Detector Optimization
There are several detector technologies that will improve JSS and related techniques. These include finer calorimeter granularity [127, 128], more hermetic coverage of tracking detectors, and precise measurements of timing information. The experience of the LHC has shown that such information can be used to more accurately reconstruct the interaction of hadrons with various detector elements, much of which is used in the “particle flow” (PF) [129] concept already deployed by the LHC experiments. At future muon colliders, “beam background” detectors could also in principle be deployed to reduce the impact on JSS.
4.1.1 Electron-Positron Colliders
The main detector concepts developed for electron-positron collider experiments are based on PF. With transparent, hermetic trackers and highly granular calorimeters, the ILD [130] and SiD [131] experiments at the ILC, as well as the CLIC detector [132] and the CLD design [133] for the FCC-ee, are designed to efficiently associate tracks and calorimeter energy deposits. A global detector R&D program has proven the feasibility of highly granular calorimeters [134] and large-scale systems are under construction for the ALICE [135], ATLAS [136], and CMS [137] upgrades. The optimization of the overall design was primarily driven by the jet energy resolution, but as a collateral benefit, these concepts offer excellent substructure performance. Jet substructure studies based on full simulation have been performed in Ref. [138].
In addition to the intrinsic particle identification capabilities, the fine transverse granularity allows close showers to be separated and provides good matching to tracks in the inner preshower signals, and also to muon tracks, making this calorimeter a good candidate for efficient particle-flow reconstruction. The need for disentangling signals produced by overlapping electromagnetic and hadron showers is likely to require longitudinal segmentation as well. Several ways to implement this segmentation were envisioned and are being studied, e.g., the classical division of the calorimeter in several compartments, an arrangement with fibres starting at different depths, the extended use of the timing information, etc. The specific advantages and drawbacks of each approach need to be studied through both simulations and beam tests. High-granularity calorimetry associated with a silicon tracker will be a promising option to reach jet energy resolutions around 5%–20% with PF reconstruction.
4.1.2 Muon Collider
Proposed muon colliders offer a physics reach for discoveries similar to that of proposed high-energy hadron colliders, while maintaining appealing experimental aspects of lepton collider environments such as a lack of pileup and underlying event, as well as precise determination of the z position of the interaction. A critical difference between muon and electron accelerators is the presence of large beam-induced background (BIB) processes for muon machines, which arise due to muons in the beam decaying via [image: image] before colliding. The resultant electrons interact with experimental elements along the beamline, creating electromagnetic showers of soft photons and neutral particles that can interact with detectors.
Detectors at future muon colliders will need to incorporate specifically-designed shielding and subsystems to mitigate BIB processes. The exact characteristics of the BIB depend strongly on the machine centre-of-mass energy and accelerator lattice, and must be studied in-detail for different scenarios. For studies during the Snowmass 2021 community planning exercise, the performance of a modified version of the CLIC detector has been benchmarked at a [image: image]1.5 TeV (3 TeV) collider. This detector includes a modified vertex detector barrel that does not overlap with regions of large BIB activity, and shielding nozzles made of Tungsten and borated polyethlene to absorb contributions from beam-induced particles. Sets of adjacent sensors in the inner detector can also be used to mitigate contributions from BIB processes, by exploiting angular correlations as done in the CMS track trigger. The experimental conditions at a muon collider will also necessitate an increased material budget for the inner tracking systems, up to 10 times larger per-layer than that foreseen for ILC detectors due to additional cooling, power and support structures.
Early studies of this detector indicate that BIB contributions will be approximately evenly distributed in the calorimeter (η − ϕ), suggesting that the advanced pileup mitigation techniques studied at the LHC could also provide a versatile handle with which to remove BIB contamination during reconstruction (Section 4.2). While the jet reconstruction efficiency for early jet reconstruction approaches at future muon colliders is above 90% for high-pT jets, the decreased efficiency at lower jet pT could also imply decreased performance when reconstruction jet substructure observables which rely on subjet identification (e.g., N-subjettiness [139, 140]) or soft radiation patterns (e.g., D2 [141]).
4.1.3 High-Energy Hadron Collider
There are currently two main hadron-hadron collider proposals, the FCC-hh at CERN and the SPPC in China, both targeting pp collisions at a center of mass energy of about 100 TeV. Driven by the physics requirements, the 100 TeV machine will deliver an integrated luminosity of around 25 ab−1 per experiment, reaching an instantaneous luminosity of 3 × 1035 cm−2 s−1, almost an order of magnitude larger than expected from the HL-LHC. These are extremely ambitious projects requiring breakthroughs in accelerator technology, detector design, and physics object reconstruction, and a coherent effort in all aspects is required.
To meet the physics requirements, the detectors for a 100 TeV machine should be able to reconstruct multi-TeV physics objects, while in parallel provide the necessary precision to measure the SM processes which typically results in high-energy final states at very high rapidity. The detector coverage should be extended with respect to the LHC detectors, since due to the almost a factor of five increase in the center of mass energy, many processes are expected to be extremely forward. For instance, SM ZZ production would produce two Z bosons with multi-TeV energies, with transverse momenta less than 100 GeV. These would have relativistic boosts of γ = 20, with opening angles between the Z boson decay products of about 0.1 radian. Detector capabilities to reconstruct these objects are fairly challenging (for instance, the average Z boson from ZZ production would shower mostly within one of the current LHC calorimeter cells). Concrete detector proposals are not yet in place, however different studies have been carried out to motivate the main aspects of the design.
An additional challenge is that the detector design should take in to account the harsh conditions expected at a 100 TeV machine. The foreseen upgrades of the LHC experiments for HL-LHC give a useful insight of the the challenges and the technology requirements expected in a future machine.
In addition to the extremely high energies that occur at very high rapidities necessitating finely granular detector elements, one of the big challenges at 100 TeV colliders is the large pileup. At the LHC, the average pileup is around 25, and it is expected to reach values of around 150–200 during the HL-LHC operation. This will result in significant degradation in the physics object reconstruction performance and hence on the physics outcome without dedicated detector systems and reconstruction algorithms. To this end, new developments are required in both the detector and reconstruction fronts. On the detector front, ATLAS and CMS experiments are developing fast timing detectors to improve the track-to-vertex association [142, 143]. These technologies achieve a timing resolution [image: image](30) ps and studies using simulated samples show that are able to restore the physics object reconstruction performance obtained with much smaller pileup. At a 100 TeV machine, a factor of five larger pileup is expected posing even stringent criteria on the detector design. Likely, the developments on the precision timing detectors towards the HL-LHC will provide a solid ground to build upon. To cope with the pileup expected at 100 TeV, the timing resolution of the detectors should be improved by around a factor of 5-6, reaching a timing resolution better than 10 ps.
The calorimetry systems must provide excellent energy resolution over a wide range of energies in the central and forward regions, and increased hermetic coverage with respect to the LHC ones (reaching |η| < 6). Studies have shown [144] that another parameter of particular importance for JSS measurements in the ultra-relativistic regime, is the granularity of the detector. These studies showed that calorimeters must have 10 times finer granularity than the ones used at the LHC to achieve similar levels of performance in the main JSS observables in the this high-pT regime. The extreme levels of radiation present in a 100 TeV collider pose another challenge for the calorimeter design.
Technologies developed and successfully used at the LHC can serve as a promising starting point. One option for the electromagnetic and hadronic calorimeters, ECAL and HCAL, respectively can be based on the concepts used for the ATLAS calorimetry system. Their ECAL system uses Liquid Argon to generate the signal from the traversing particles. This technology provides both powerful performance together with the necessary radiation tolerance. In the case of the barrel region of HCAL, a more cost-efficient solution can be explored. For instance, the ATLAS HCAL uses organic scintillating tiles as active material. For the absorber, a combination of lead and steel provides promising results. However, due to the larger levels of radiation in the endcap and forward regions, this technology is not viable. Technologies based on liquid argon can be employed also in this case. Another option in this region could be a silicon-based or hybrid silicon/photomultiplier calorimeter similar to that being deployed by CMS in the HL-LHC upgrades, the High-Granularity Calorimeter (HGCAL) [145]. This also provides a large amount of resolution for substructure determination. This detector design also provides timing information (with [image: image](30)ps) allowing even for a 4D particle shower reconstruction. This approach can be powerful in suppressing the effect from pileup in the calorimeter system, and also aid the reconstruction of exotic signatures. The energy resolution in electromagnetic showers is characterized by a stochastic term ∼16%/[image: image]. Another idea for the ECAL system is based on monolithic active pixel sensors (MAPS). Studies in simulation using 50, ×, 50 μm pixels and a sensitive layer thickness of 18 μm yield a stochastic term of ∼13%[image: image] [146].
The FCC-hh collaboration developed a baseline detector based on these principles [146]. The detector concept relies heavily on the ATLAS technology for both ECAL and HCAL, however changes in the design of the detector and its granularity have been considered. For instance, to complement the tracking system in JSS, the η − ϕ granularity of ECAL (HCAL) is around Δη ×Δϕ = 0.01 × 0.009 (Δη ×Δϕ = 0.025 × 0.025) in the barrel region, around four times finer compared to the LHC detector. This transverse granularity for the 100 TeV collision environment was determined using fast Monte Carlo simulations for boosted jets at tens-of-TeV scale [147]. Detailed studies [146, 148] using Full Simulation demonstrated that this technology could attain a stochastic and constant term of 8 (48)[image: image] and 0.2 (2)%, respectively for electromagnetic (hadronic) showers, with small dependence on |η| and neglecting pileup interactions. This can attain jet energy resolutions of [image: image]% for jets with pT > 1 TeV. Jet substructure variables for hadronic jets from highly Lorentz-boosted weak bosons from resonances between 5–40 TeV were studied in Ref. [127], using several spatial sizes of calorimeter cells. The current scale of LHC cell sizes around Δη ×Δϕ = 0.1 × 0.1 were insufficient to ascertain the jet substructure. The study confirmed the HCAL design of the baseline FCC-hh with (Δη ×Δϕ = 0.025 × 0.025). It is interesting to note that, for very boosted jets with transverse momenta close to 20 TeV, further decrease of cell size to (Δη ×Δϕ = 0.0043 × 0.0043) did not show a further improvement in performance.
4.2 Reconstruction Algorithms
Reconstruction algorithms for jets and jet substructure have been widely developed in the last decade. Different collider scenarios can utilize different aspects of these advancements to address their unique challenges and opportunities as compared to the LHC. However, overall there are well-established techniques to achieve the desired performance level in all scenarios, as will be described in this section.
4.2.1 Jet Reconstruction
Precise and well-understood jet finding, clustering, and calibration is a key initial step to deploying powerful JSS techniques. The conceptual task is similar at the different future colliders under consideration. However, the varying energy range, whether or not the center-of-mass is known or not, and the level of beam backgrounds play a role in the optimal approach. Furthermore, good jet performance is reliant on well-understood and calibrated inputs for each of the subdetector elements and at the single particle level.
In the case of the ILD and FCC-ee detectors, software compensation has been shown to reduce the jet energy resolution significantly [149]. The lack of pileup results in smaller stochastic terms, and an optimal assignment of tracks and clusters in the particle flow algorithm can lead to superior energy resolutions. However, differences are present in the simulation of shower shapes, in particular the energy and radius of the interaction region, which need further studies and improved simulations [150]. Detailed measurements of the spatial and temporal development of showers in test-beam setups with fully integrated detector prototypes will help to improve the systematic uncertainties in the detector simulation, which is a crucial ingredient for precision measurements at future colliders.
For higher energies and more granular detector technologies, some initial studies have been performed. The energy calibration of calorimeter cells, composite clusters, single particles and jets is a challenging task at a 100 TeV pp collider. First studies exist on the energy calibration of the single-particle response of a FCC-hh detector, with electronic noise added to single cells and a simulation of in-time pileup [151]. In this study, energy deposits inside the calorimeter are summed into clusters using the sliding windows algorithm. For an optimal single-particle response, dead material corrections and a layer correction, accounting for the different sampling fractions depending on the depth of the shower, are necessary. The achieved jet resolutions are within the design goals with stochastic terms below 50%, but rely on extrapolations from detector simulations. Hadronic and electromagnetic shower components up to several TeV need to be simulated, where extrapolations to these high energies come with large uncertainties. Differences in the hadronic shower simulation models in Geant4 [152] have been reported for pions in the energy range between 2 and 10 GeV [153]. Detailed studies at higher energies will be needed to achieve the best possible precision at future colliders.
4.2.1.1 Electron-Positron Colliders
Compared to the previous generation of high-energy electron-positron colliders, the complexity of final states increases considerably. However, this complexity is comparable to that already observed in the LHC experiments. For instance, the hadronic Higgs-strahlung analysis at a Higgs factory requires excellent jet clustering performance in four-jet final states [154, 155]. At higher energy, di-Higgs, top quark pair and [image: image] production lead to six-jet and even eight-jet final states and jet clustering becomes the dominant experimental limitation [156]. Improved algorithms can have a profound impact on the potential to measure e.g., the Higgs self-coupling.
Machine-induced backgrounds at e+e− colliders are generally benign compared to the pile-up levels encountered at the LHC, but can have a non-negligible impact on jet reconstruction, especially at higher energy. The VLC algorithm [157] modifies the beam distance criterion of the generalized e+e− kt algorithm and has been shown to provide a much more robust performance in comparison to the classical sequential clustering algorithms for e+e− collisions [156] in the presence of γγ → background. A thrust-based algorithm is found to yield better performance than e+e− kt in two-jet events at the CEPC [155]. The XCone algorithm [158] can naturally accommodate the boosted and resolved regimes and provides a close connection to calculations in Soft Collinear Effective Theory.
4.2.1.2 Muon Colliders
Since the major advantage of a muon collider is the ability to reach higher [image: image] than electron-positron colliders in a smaller area, the muon collider will produce final states that are generally more complicated than electron-positron colliders. Like other lepton colliders, the z position of the interaction is also known precisely, and there is no pileup as in hadron colliders. As such, it is expected that jet algorithms developed for electron-positron colliders should also apply well to muon colliders. However, due to typically higher energies, boosted topologies tend to be more prevalent.
4.2.1.3 Hadron Colliders
The challenges of a jet reconstruction at a hadron collider are well-known and extremely well-studied. While jet substructure reconstruction and tagging techniques were not directly considered in the design of the initial detectors at LHC and their reconstruction algorithms, they provide excellent performance after several years of evolution in algorithms. For future hadron colliders, jet substructure reconstruction is already considered in their design and it is expected that similar techniques as currently deployed at the LHC will find broad applicability.
The experiments at the LHC rely mostly on jets with a fixed distance parameter, where mostly the anti-kt algorithm with R = 0.4, 0.8, 1.0 [159, 160] are used. The rigidity of the jet boundaries helps in pileup mitigation with an area-based approach [161–163] and the calibration of isolated jets [164, 165]. The experiences from the LHC have allowed extremely precise determination of jet energy and mass scales and resolutions (a review can be found in Ref. [6]), and have overall excellent precision.
While a larger value of R reduces hadronization corrections in jet pT which scale as 1/R, the influence of pileup and the underlying event increases with R2 [166]. At the LHC experiments, it was possible to generally balance these effects with a few fixed-R algorithms, variable-R (VR) algorithms [167, 168] provide a promising alternative at future hadron colliders, which will have a larger dynamic range of jet energies, and have already been investigated by the LHC experiments [169–171].
Particle-flow algorithms [129, 172], or more generally algorithms combining tracking and calorimeter information [173] are the state-of-the art to reconstruct jet substructure with fine granularity and good energy resolution. Reconstruction challenges faced at the LHC, such as events containing up to 50 pileup interactions [172, 174], jet substructure of highly boosted W/Z/top quarks with multi-TeV transverse momenta, have been overcome successfully [171, 175].
4.2.2 Jet Substructure
4.2.2.1 Electron-Positron Colliders
Boosted object reconstruction at electron-positron colliders has been studied in full simulation by the CLIC group [138, 176], with a focus on boosted top quark tagging. This study confirms the excellent response of the CLIC detector concept for a large number of substructure observables.
In the electron-positron collider program at [image: image] 250 GeV, jet substructure finds applications in many measurements. A good example is the measurement of the Higgs coupling to gluons, where the differences between quark and gluon jets can be used together with flavour tagging information to distinguish the H → gg decay from [image: image] and [image: image]. Jet substructure observables and grooming techniques are likely of value in determinations of the strong coupling αS. This area has been identified as one of the open questions [177], but so far detailed phenomenology and experimental studies are lacking. A lepton collider also offers excellent opportunities for jet substructure measurements that can be used to develop a better understanding of fragmentation and hadronization. Carefully validated first-principle calculations and models for Monte Carlo generators in the clean e+e− without QCD radiation in the initial state can be very valuable in the preparation of a high-energy hadron collider.
4.2.2.2 Muon and Hadron Colliders in the Multi-TeV Regime
Boosted object reconstruction and tagging is crucial at a muon collider [178] or advanced linear collider [179, 180] operated at a center-of-mass energy in the multi-TeV regime, in addition the clear needs at future high energy hadron colliders.
The JSS tools developed in the last 2 decades provide a very solid baseline for the developments for a future 100 TeV hadron collider. However, in such high energies there are additional challenges to be met in both the detector design (discussed in Section 4.1.3) and in the development of the algorithms. First, the physics program at 100 TeV requires both standard model measurements with high precision using boosted objects in a pT-regime similar to the one at the (HL-)LHC (∼0.5–2 TeV), while in parallel explore the energy Frontier with ultra relativistic particles with momenta up to ∼10–15 TeV. Particularly in this pT-regime, the decay products from the heavy objects result in hadronic jets that overlap significantly and are extremely difficult to reconstruct and explore the internal jet structure. It is therefore critical to have sufficient detector granularity in future colliders to sufficiently reconstruct JSS.
In addition to detector considerations, one algorithmic approach followed to overcome this challenge is to use only track-based variables for the design of the JSS algorithms, exploiting the much finer granularity of the tracking system compared to the calorimeters. These will be discussed in detail in Section 5.2.1.
4.2.3 Mitigating Beam Backgrounds
As noted above, beam backgrounds from electron-positron colliders is relatively benign compared to muon and hadron colliders though techniques have been developed to account for them.
4.2.3.1 Muon Colliders
At a high-energy muon collider, interactions of the decay products of the muon beams with accelerator and detector elements create an intense flux of particles through the experiments. While the background screening and mitigation strategy is still under development, it seems likely that the residual background level [60, 181] requires a combination of active background mitigation in the low-level reconstruction algorithm and the use of robust high-level reconstruction algorithms. Examples of possibly effective low-level reconstruction techniques could include vertex association, tracklet pointing, and timing information.
4.2.3.2 Hadron Colliders
Pileup mitigation is an important aspect of the low-level calibration of calorimeter cells, as pileup adds a diffuse noise term with large fluctuations. High granularity of the calorimeter is a pre-requisite for the mitigation of these effects, as it ensures an unambiguous combination with information from the tracking detectors. Machine learning techniques can help to improve the jet resolution by identifying electromagnetic deposits within jets, which are then calibrated to the electromagnetic scale. This can lead to an improvement in the single particle response by about 50% [151], but the existing studies need to be extended to more realistic conditions including pileup and electronics noise.
Jet reconstruction at the LHC is complicated by pileup. Pileup impacts jet reconstruction in a variety of ways, creating additional jets, changing the jet energy scale, and smearing out the jet energy resolution. It is particularly detrimental to jet substructure reconstruction, which can be affected by the presence of low-pT pileup particles. LHC experiments use a combination of several strategies to reduce the impact of pileup, which have enabled high-quality jet substructure taggers and measurements, even under high pileup conditions. More study is needed to understand the impact of pileup on future hadron colliders, such as the FCC-hh and the SPPC, but the prospects for these colliders can be informed by the performance at the LHC.
Experiments at the LHC rely on a variety of different techniques to reduce the effect of pileup on jet reconstruction, including the topocluster reconstruction [182], particle flow using the primary vertex association for tracks [129, 172], Constituent Subtraction [183], SoftKiller [184], and the Pileup Per Particle Identification (PUPPI) algorithm [174, 185, 186]. For jet substructure reconstruction, grooming algorithms also provide some amount of pileup suppression, in addition to the other benefits they provide.
At the HL-LHC, pileup conditions will become even more challenging, with an average number of interactions per bunch crossing of around 200. Nevertheless, both ATLAS and CMS expect to maintain good performance, making use of detector upgrades and advanced reconstruction algorithms, based on studies of small-R and large-R jet reconstruction [187, 188]. Detector upgrades will also enable studies on the use of timing detectors [143, 189] and, in the case of CMS, a high granularity calorimeter [190]. Existing pileup mitigation algorithms will become even more important for jet reconstruction, and novel methods for pileup mitigation are also being explored, such as machine learning to improve pileup identification and subtraction [191–194].
Pileup conditions at the FCC-hh are expected to reach around five times those of the HL-LHC, with up to 1,000 simultaneous proton-proton collisions. With this density of interactions, high quality spatial and timing resolution will be critical in order to resolve the different pileup vertices and associate tracks to them. ATLAS and CMS both rely on vertex association of tracks to reduce pileup for particle flow algorithms, and in the case of CMS, for the PUPPI algorithm. This means that the use of 4D tracking will be critical for jet substructure reconstruction at the FCC-hh/SPPC. While charged particles are able to provide useful inputs to jet substructure reconstruction, neutral particles provide additional information that can be used to improve the performance of jet taggers. To use this information effectively will require advances in particle flow reconstruction in dense environments as well as dedicated pileup mitigation algorithms. The HL-LHC will enable critical studies of new tools which can be used to reduce pileup effects at future colliders like the FCC-hh and SPPC, such as the use of timing detectors for object reconstruction, as well as the development of pileup mitigation algorithms for reconstructed inputs.
5 ENHANCING SENSITIVITY
In this section, we highlight applications and techniques for using JSS information to enhance the sensitivity of both measurements and searches at colliders. First, we discuss novel and more exotic signatures of JSS which illustrates the broader application of the techniques we have discussed to search for potential new physics. Then, we will describe a number of important and emerging techniques for analyzing JSS information. In both cases, we cannot cover all approaches as JSS techniques are continually evolving in novel applications. Instead, we present here a broad set of examples to give the reader a sense of the possibilities. In addition to the direct physics possibilities, JSS serves as a test bed for new and creative ideas in theory and analysis. The following section titles do not uniquely categorize the exam ples, which could be classified in a variety of ways.
5.1 Uncovered Scenarios
Traditional event reconstruction is mostly based on the principle that physics objects of interest can be individually reconstructed and well-isolated from other objects. However, SM and BSM signatures can give rise to highly collimated objects, manifesting in unusual topologies which are relatively rare at the (HL-)LHC, but will be much more prevelent at future colliders. Unconventional signatures can include cases where jets are composed of leptons and hadrons, only leptons, only photons, hadrons and missing transverse energy etc. In addition to the jet kinematics and JSS, the jet timing [195–197] information and other information can be used for classification. Examples include jets containing one or more hard leptons [198–202], displaced vertices [200], hard photons [203, 204], or significant missing transverse momentum [205–208]. Some of these anomalous signatures are already started being explored at the LHC [209–213]. Timing information can be useful to gain sensitivity in the searches with delayed jets [214]. It will also enhance the accuracy of prompt jet and MET reconstruction, that can boost the sensitivity of several new physics searches. Moreover other detector upgrades for high radiation tolerance, unprecedented granularity particularly in the forward region [145, 215], extension of the detector acceptance [216–218], a significantly sophisticated design upgrade of the trigger system [219] etc., will effectively lead us to broaden the search corners.
5.1.1 Photon Jets
Axion-like particles (ALPs) are predicted by several extensions of the SM (e.g., spontaneous breaking of a global symmetry, hierarchy problem, an interesting connection to the puzzle of dark matter). The discovery potential of ALPs in the future LHC era can well be estimated in the mass range of ALPs, which is inaccessible to previous experiments [203]. The jet kinematics and a few JSS variables (e.g., hadronic energy fraction of a jet, number of charged tracks in a jet, N-subjettiness, fraction of the jet pT carried by the leading subjet, energy correlation function of the three hardest subjets) or the jet image study based on CNN technique [220, 221] are found to be extremely useful to disentangle photon-jet events from the single photon or QCD events. The so-called photon jet can be produced from the decay of boosted ALPs in the HL-LHC period. A detailed study of the reconstruction of a photon-jet, its calibration and performance in the future LHC environment or beyond needs to be carefully undertaken.
5.1.2 Delayed Jets
Several BSM predictions (e.g., supersymmetry (SUSY) with gauge-mediated SUSY breaking [222–225], hidden valley models [226], a Higgs boson decaying to glueballs where the Higgs boson is the portal to a dark QCD sector whose lightest states are the long-lived glueballs) [227, 228] lead to the unusual signature of non prompt or delayed jets which are sensitive to the proper measurement of jet timing [197]. These non prompt or delayed jets are usually modeled to be produced by the displaced decays of the heavy long-lived particles in BSM. The sensitivity of these long-lived particle searches using non prompt or delayed jets is found to be significantly enhanced by the precision timing information of the jet. The time profile of a jet can be used as an independent probe of jet properties. Similar to a choice of a jet clustering algorithm, the choice of a jet timing definition determines its properties and performance. The evaluation of various jet timing definitions is carried out depending on the closest representation to the parton level information as well as on the basis of minimizing the spread in the arrival times of the particles. Among the various jet timing definitions studied, the definition based on the pT weighted sum of the arrival times of the jet constituents exhibits the most promising performance both for prompt and delayed jets. However, the jet timing performance of a prompt jet is estimated to depend on its η whereas the jet timing performance of a delayed jet is sensitive to the full kinematics of the event.
5.1.3 Dark QCD
Searches for dark matter (DM) particles in colliders have remained unsuccessful so far. Consequently in recent years, some focus has shifted to unusual final states, which are not covered by typical searches at the LHC. Semi-visible jets [205, 206] arise in strongly interacting dark sectors, where parton evolution includes dark sector emissions, resulting in jets overlapping with undetected particles that often result in missing transverse momentum aligned with one of the jets. This signature is usually discarded in the experiments, as it is usually from mismeasured jets. The implementation of semi-visible jets is done using the Pythia Hidden valley module [229, 230] to duplicate the QCD sector parton shower. In studies [207, 208], several jet substructure observables have been examined to compare semi-visible jets (signal) and light quark/gluon jets (background). The focus was on the more challenging scenario of t-channel production mode of semi-visible jets, where the absence of a resonance mass peak makes identifying the substructure difference more critical. The key parameter in the mode is the ratio of the rate of stable dark hadrons over the total rate of hadron, denoted by Rinv. In general, it was found that D2 [141], C2 [231] and ECF2 [231] observables were highly sensitive. The overall interpretation is that the semi-visible jets result in more multi-pronged substructure. This was verified by clustering stable dark hadrons in the jets, which resulted in the differences in the substructure observables disappearing. This indicate that the substructure becomes less two-pronged with visible and dark hadrons in them, and the absence of the dark hadrons create the two-pronged structure. Detailed studies of this phenomenon can be found in Ref. [232].
5.2 New Observables
As more information is obtained in the realm of JSS, new observables can be constructed that have interesting properties, either experimentally or theoretically. We discuss a few examples in this section.
5.2.1 Track-Based Observables
One of the challenges of an extremely high energy collider, such as a 100 TeV proton-proton collider, is so-called “hyper-boosted” jets, whose decay products will be collimated into areas the size of single calorimeter cells [233]. This fact, coupled with additional contamination from excess radiation - pileup, ISR, FSR, and UE, means that current jet substructure approaches will not be sufficient at a future high-energy hadron collider. One of the proposed mitigation strategies is to use track-based observables to augment calorimetric information [233–236].
Studies have shown [233, 237, 238] that this improves the identification performance in the ultra-relativistic limit. On the other hand, this result in imperfect measurement of the mass of the jet. Simple mass re-scaling techniques, e.g., as in Refs. [233, 237], or more sophisticated ML-based and other approaches utilized at the LHC [239, 240], provide promising solutions to improve the mass reconstruction. However, a calorimetry system with sufficient granularity can be very important in JSS, even at the ultra-relativistic regime, as detailed in [144]. Based on these results, calorimeters at 100 TeV should have [image: image](10) finner granularity than the LHC calorimeters.
One study aimed to apply these strategies to the identification of hyper-boosted top quark jets [233]. First, the jet radius was scaled inversely with pT in order to remove excess radiation. While calorimetric information was then still sufficient to measure jet energy, tracking information was added in order to resolve substructure information, including the following track-based observables:
• Jet mass: [image: image]. The track-based mass mtracks is scaled in order to recover the neutral particle information that is not measured by the tracker.
• Prongy-ness variables: N-subjettiness [241] and n-point energy correlation functions [242]. These variables measure the likelihood of a jet to have a given number of subjets, and in this case only include track information.
Clear improvement in the identification of top quarks vs. both light quark jets and gluon jets is seen when using these track-based observables, as compared to calorimeter-based observables.
In [236], it is shown that the HEPTopTagger [243, 244] can be successfully modified with a track-based approach (called HPTTopTagger) in order to identify tops at a future hadron collider. This technique is also applied to extremely boosted hadronic W- and Z-tagging, with the so-called HPTWTagger and HPTZTagger, respectively. Additionally in [245], it is pointed out that these track-based observables could be further enhanced by so-called “tracking calorimeters” in which detailed information about individual particle decays could be reconstructed [148].
5.2.2 Flown,5
Taking into account the extremely collimated nature of heavy object jets, the quantities Flown,5 are introduced in [246]:
[image: image]
where n goes from 1 to 5 and p, [image: image], and [image: image] are the jet constituents, jet constituent transverse momentum and jet transverse momentum, respectively. The sum runs over the jet constituents so that the following holds:
[image: image]
where [image: image] is the angular separation between the jet axis and a particular jet constituent, and R is the jet size. These variables are applied to distinguishing boosted hadronically-decaying Z bosons from Randall Sundrum graviton decays (GRS → ZZ) to light quarks originating from [image: image], specifically in the case where the GRS mass is equal to 32 TeV. It is found that the combination of jet mass and the Flown,5 variables outperforms the combination of jet mass and the τ2/τ1 N-subjettiness ratio.
5.3 Novel Physics Effects
New showering effects begin to emerge at multi-TeV energies, including gluon splitting to top quark pairs, weak bosons radiating from jets, and radiation off of top quarks. These can affect boosted object identification overall, but these particularly affect boosted top quark identification, because they correspond to real on-shell weak bosons or top quarks, or enhanced radiation off of quarks. These effects are explored in the case of boosted top quark identification [245].
At very high energies, a gluon can split directly into a top quark pair [245]. This phenomenon will therefore increase gluon mistag rates. To mitigate this affect, it is important to recognize the fact that a gluon jet will have more constituents than a prompt top quark, and so the gluon-induced top will carry a smaller percentage of the jet’s total energy. A useful discriminating variable would therefore be the transverse momentum ratio of a top-tagged subjet to its host large-radius jet: pT,top-subjet/pT,fatjet.
At extremely high energies, particles will radiate W, Z, and h bosons [245]. This can lead to light quarks jets that look like heavy particle jets. In the case of semi-leptonic top-tagging, W-strahlung can be particularly problematic. To mitigate this problem, one can take advantage of the fact that W-strahlung emissions peak at an angle of about 5mWpT, whereas a top decay happens within a cone of approximately mt/pT [247]. Therefore, upper bound on the angle between the b-jet and the muon can be used to discriminate between tops and light quarks that radiate W bosons. Further study is required to mitigate the effect of weakstrahlung on other heavy particle tagging scenarios. Additional kinematic handles and AI/ML-based techniques may be deployed to provide further discrimination.
Similarly, identifying WV → ℓνqq from heavy particle decays is an important but challenging problem due to overlapping lepton and jet signatures [248]. ML-based taggers, such as convolutional (CNN) and/or fully connected (DNN) trained to distinguish signal (boosted WV) and background (QCD multijets) based on calorimeter and tracking features in jet constituents, can be used to enhance sensitivity to new physics in future hadron colliders.
Even after applying a shrinking jet radius, a reconstructed top jet will still include some semi-hard final state radiation. This leads to around 10% of these jets having obfuscated substructure and masses well above the top mass. In this case, one can improve top/gluon discrimination by treating top quarks similarly to light quarks, and take advantage of the fact that a top will have less wide-angle radiation. As a simple example, it was shown that adding a track counting variable to a top tagger could improve discrimination, reducing gluon mistag rates by up to 20% [245].
5.4 Novel Analysis Techniques
The theoretical and experimental innovation discussed above will also require novel analysis techniques. These cannot be entirely of a computational nature, but will also require re-imagining the inputs to JSS and their processing. Selected examples on iterative generator tuning, anomaly detection, and machine-learning assisted techniques are outlined below.
5.4.1 Iterative Monte Carlo Generator Tuning
JSS techniques are sensitive to simulation effects such as underlying event and parton shower modeling, see also Section 3. While this directly affects the sensitivity of physics analyses that are making use of JSS techniques, it provides also the opportunity to constrain and improve physics modeling by performing dedicated measurements. In the past, these measurements have been performed in a one-off manner, i.e. the measurements are published [249, 250], then used for a future tuning campaign [251, 252] in a systematic way [253]. This approach, however, integrates over a huge phase space and often yields suboptimal values for JSS [251]. With the help of declarative and therefore consistently repeatable workflows [254] and machine-learning techniques, this approach can be significantly improved. The generator settings can be adjusted iteratively by repeating dedicated JSS measurements, consequently yielding optimal settings for the given suite of measurements. This can similarly be achieved by using machine-learning techniques to determine optimal generator settings (see e.g., Ref. [255]), for example to minimize related uncertainties. By adding further measurements, also not those directly related to JSS, significantly better simulation can be achieved. Enhanced tuning (and also a variety of measurements) may be enabled by unbinned and high-dimensional differential cross section measurements that are not possible by ML (see e.g., Ref. [256]).
5.4.2 Anomaly Detection
One of the most promising applications of machine-learning in ATLAS and CMS could be model-agnostic anomaly searches. There are a vast number of interesting new physics scenarios that we would like to search for at the LHC, however using traditional hypothesis testing techniques it is not possible to search for all them. Anomaly detection techniques aim to circumvent this problem by automatically identifying potential BSM contributions. These anomalies could be outliers (low probability density) or over/under-densities in phase space with respect to the SM. In this approach, a specific signal hypothesis is not required, although there is a tradeoff between performance on a given scenario and model dependence. Anomaly detection can be applied to individual objects/jets or to entire events. Modern deep-learning techniques dramatically increase the sensitivity of anomaly detection methods through their ability to use low-level, high-dimensional inputs. The technical concept behind these new anomaly searches is unsupervised, weakly supervised, and/or semi-supervised training of deep classification networks (see Refs. [257–260] for recent reviews).
A notable application is in the use of autoencoder neural networks optimised to compress and reconstruct event data. The accuracy of the reconstruction can then be used as the observable with which to identify the anomalies for instance in jets [208, 261–263]. Anomalous events may be expected to occur much less often in the data and thus result in less accurate reconstruction by the autoencoder. A promising path to improve this method is to extend the discriminative power from the physics phase space to include the latent space of the neural networks. This can be achieved, for example, using rapidity-mass matrices for standard autoencoders [264] (Dirichlet) variational autoencoders [265, 266] or invertible normalizing flow network [267], benchmarked for dark-matter-inspired jet signatures. For any kind of neural network application to jet physics, self-supervised learning of symmetries, fundamental invariances, and detector effects is an exciting new direction which is expected to significantly improve the understanding and the experimental stability of neural networks applied to subjet physics [268].
Related applications of anomaly detection, such as the classification without labels (CWoLa) method [269], are promising tools to enhance bump hunt analyses [270, 271]; this approach is also the first ML-based anomaly detection method to be applied to collider data [272]. In Ref. [258] the results of the LHC Olympics showcase many different methods on a resonant anomaly detection challenge. Recent developments have brought in a better understanding of these deep-learning techniques and new ideas for background estimation [273] and linearized explanations of decision classifiers [274, 275]. Ongoing and future work will certainly lead to more progress in all of these areas.
5.4.3 Hit-Based Inputs for High-Energy Flavor Tagging
Studies are on-going at the ATLAS and CMS experiments to incorporate some of the ideas first explored in [276]. When central jet energies exceed 500 GeV several effects make tracking difficult and the ability to discriminate jets containing B hadrons decreases. However, because a primary B hadron will often absorb most of the jet’s energy, it has a high probability of crossing the innermost layer or layers of trackers in colliding beam machines prior to decay. Using the fact that hit patterns might “jump” from one layer to the next, or that charged tracks would cluster more tightly around the jet axis could be used as contributing input to sophisticated ML algorithms to improve their performance in the high energy regime. Initial studies are indicating that some additional efficiency can be gained up to 1,500 GeV with hit-based inputs added to neural network-based taggers [277]. If found effective, this technique might influence tracker design at future colliders where high energy jets will be even more common than currently at the LHC.
6 EXECUTIVE SUMMARY
In lieu of conclusions, we offer a summary of jet substructure at future colliders. Jet substructure (JSS) has emerged as a powerful framework for studying the Standard Model (SM) and provides a key set of tools for probing nature at the highest energy scales accessible by terrestrial experiments. While not an experimental or theoretical consideration of the design of the original LHC experiments, JSS is now being widely used to extend the sensitivity of searches for new particles, to enhance the precision of measurements of highly-Lorentz-boosted SM particles, as well as to probe the fundamental and emergent properties of the strong force in new ways. Along the way, the JSS community has been a catalyst for new detector concepts, new analysis tools (e.g., deep learning), new theory techniques, and more. Jet substructure has been transformative for the physics program of the LHC and it can play a central role in the physics case for future colliders.
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FOOTNOTES
1This paper is not a review and is not comprehensive. See the reviews cited earlier for an in depth view of the state of JSS.
REFERENCES
 1. Abdesselam A, Bergeaas Kuutmann E, Bitenc U, Brooijmans G, Butterworth J Bruckman de Renstrom P, et al. Boosted Objects: A Probe of beyond the Standard Model Physics. Eur Phys J C (2011) 71:1661. 
 2. Altheimer A, Arora S, Asquith L, Brooijmans G, Butterworth J Campanelli M, et al. Jet Substructure at the Tevatron and LHC: New Results, New Tools, New Benchmarks. J Phys G: Nucl Part Phys (2012) 39:063001. doi:10.1088/0954-3899/39/6/063001
 3. Altheimer A, Arce A, Asquith L, Backus Mayes J, Kuutmann EB Berger J, et al. Boosted Objects and Jet Substructure at the LHC. Report of BOOST2012, Held at IFIC Valencia, 23rd-27th of July 2012. Eur Phys J C (2014) 74:2792. doi:10.1140/epjc/s10052-014-2792-8
 4. Adams D, Arce A, Asquith L, Backovic M, Barillari T Berta P, et al. Towards an Understanding of the Correlations in Jet Substructure. Eur Phys J C (2015) 75:409. 
 5. Larkoski AJ, Moult I, Nachman B. Jet Substructure at the Large Hadron Collider: A Review of Recent Advances in Theory and Machine Learning. Phys Rep (2020) 841:1–63. doi:10.1016/j.physrep.2019.11.001
 6. Kogler R, Nachman B, Schmidt A, Asquith L, Campanelli M Delitzsch C, et al. Jet Substructure at the Large Hadron Collider: Experimental Review. Rev Mod Phys (2019) 91:045003. doi:10.1103/revmodphys.91.045003
 7. Marzani S, Soyez G, Spannowsky M. Looking inside Jets. In: An Introduction to Jet Substructure and Boosted-Object Phenomenology, Vol. 958 . Berlin, Germany: Springer (2019). doi:10.1007/978-3-030-15709-8
 8. Kogler R. Advances in Jet Substructure at the LHC. In: Algorithms, Measurements and Searches for New Physical Phenomena, Vol. 284 of Springer Tracts Mod. Phys . Berlin, Germany: Springer (2021). doi:10.1007/978-3-030-72858-8
 9. Group EDRRP. The 2021 ECFA Detector Research and Development Roadmap. In: Tech. Rep. Geneva: CERN (2020). doi:10.17181/CERN.XDPL.W2EX
 10.The Particle Physics Community Planning Exercise. The Particle Physics Community Planning Exercise (2021). Available from: https://snowmass21.org. (April 15, 2022). 
 11. Gallicchio J, Schwartz MD. Quark and Gluon Tagging at the LHC. Phys Rev Lett (2011) 107:172001. doi:10.1103/physrevlett.107.172001
 12. Gallicchio J, Schwartz MD. Quark and Gluon Jet Substructure. JHEP (2013) 04:090. doi:10.1007/jhep04(2013)090
 13.ATLAS collaboration. Light-quark and Gluon Jet Discrimination in Pp Collisions at [image: image] with the ATLAS Detector. Eur Phys J C (2014) 74:3023.
 14.CMS Collaboration collaboration. Performance of Quark/gluon Discrimination in 8 TeV Pp Data. In: Tech. Rep . Geneva: CERN (2013). 
 15.CMS Collaboration collaboration. Jet Algorithms Performance in 13 TeV Data. In: Tech. Rep. Geneva: CERN (2017). 
 16. Gras P, Höche S, Kar D, Larkoski A, Lönnblad L Plätzer S, et al. Systematics of Quark/gluon Tagging. JHEP (2017) 07:091. doi:10.1007/jhep07(2017)091
 17. Andersen JR, Bellm J, Bendavid J, Berger N, Bhatia D Biedermann B, et al. Les Houches 2017: Physics at TeV Colliders Standard Model Working Group Report. arXiv:1803.07977 (2018) 3. 
 18. Amoroso S, Azzurri P, Bendavid J, Bothmann E, Britzger D Brooks H, et al. Les Houches 2019: Physics at TeV Colliders: Standard Model Working Group Report. In: 11th Les Houches Workshop on Physics at TeV Colliders: PhysTeV Les Houches (2020). p. 3. 2003.01700. 
 19.CMS collaboration. Identification of Heavy-Flavour Jets with the CMS Detector in Pp Collisions at 13 TeV. JINST (2018) 13:P05011. 
 20.ATLAS collaboration. ATLAS B-Jet Identification Performance and Efficiency Measurement with [image: image] Events in Pp Collisions at [image: image] TeV. Eur Phys J C (2019) 79:970. 
 21.CMS collaboration. A New Calibration Method for Charm Jet Identification Validated with Proton-Proton Collision Events at [image: image] =13 TeV. arXiv:2111.03027 (2021). 
 22.ATLAS collaboration. Measurement of the C-Jet Mistagging Efficiency in [image: image] Events Using Pp Collision Data at [image: image] TeV Collected with the ATLAS Detector. Eur Phys J C (2022) 82:95. 
 23. Erdmann J, Nackenhorst O, Zeißner SV. Maximum Performance of Strange-Jet Tagging at Hadron Colliders. J Inst (2021) 16:P08039. doi:10.1088/1748-0221/16/08/p08039
 24. Nakai Y, Shih D, Thomas S. Strange Jet Tagging. arXiv:2003.09517 (2003). 
 25. Erdmann J. A Tagger for Strange Jets Based on Tracking Information Using Long Short-Term Memory. J Inst (2020) 15:P01021. doi:10.1088/1748-0221/15/01/p01021
 26.ATLAS collaboration. Observation of a New Particle in the Search for the Standard Model Higgs Boson with the ATLAS Detector at the LHC. Phys Lett B (2012) 716:1. 
 27.CMS collaboration. Observation of a New Boson at a Mass of 125 GeV with the CMS Experiment at the LHC. Phys Lett B (2012) 716:30. 
 28.ATLAS collaboration. Observation of [image: image] Decays and VH Production with the ATLAS Detector. Phys Lett B (2018) 786:59. 
 29.CMS collaboration. Observation of Higgs Boson Decay to Bottom Quarks. Phys Rev Lett (2018) 121:121801.
 30.ATLAS collaboration. Measurements of WH and ZH Production in the [image: image] Decay Channel in Pp Collisions at 13 TeV with the ATLAS Detector. Eur Phys J C (2021) 81:178. 
 31.ATLAS collaboration. Measurement of the Associated Production of a Higgs Boson Decaying into B-Quarks with a Vector Boson at High Transverse Momentum in Pp Collisions at [image: image] TeV with the ATLAS Detector. Phys Lett B (2021) 816:136204. 
 32.ATLAS collaboration. Search for the Standard Model Higgs Boson Produced by Vector-Boson Fusion and Decaying to Bottom Quarks in [image: image] TeV Pp Collisions with the ATLAS Detector. JHEP (2016) 11:112. 
 33.CMS collaboration. Search for the Standard Model Higgs Boson Produced through Vector Boson Fusion and Decaying to [image: image]. Phys Rev D (2015) 92:032008. 
 34.ATLAS collaboration. Measurements of Higgs Bosons Decaying to Bottom Quarks from Vector Boson Fusion Production with the ATLAS experiment at [image: image]. Eur Phys J C (2021) 81:537. 
 35. Gouzevitch M, Carvalho A. A Review of Higgs Boson Pair Production. Rev Phys (2020) 5:100039. doi:10.1016/j.revip.2020.100039
 36.Particle Data Group collaboration. Review of Particle Physics. PTEP (2020) 2020:083C01. 
 37. Rappoccio S. The Experimental Status of Direct Searches for Exotic Physics beyond the Standard Model at the Large Hadron Collider. Rev Phys (2019) 4:100027. doi:10.1016/j.revip.2018.100027
 38. von Buddenbrock S, Chakrabarty N, Cornell AS, Kar D, Kumar M Mandal T, et al. Phenomenological Signatures of Additional Scalar Bosons at the LHC. Eur Phys J C (2016) 76:580. doi:10.1140/epjc/s10052-016-4435-8
 39. Dawson S, Sullivan M. Enhanced Di-higgs Boson Production in the Complex Higgs Singlet Model. Phys Rev D (2018) 97:015022. doi:10.1103/physrevd.97.015022
 40. Robens T, Stefaniak T, Wittbrodt J. Two-real-scalar-singlet Extension of the SM: LHC Phenomenology and Benchmark Scenarios. Eur Phys J C (2020) 80:151. doi:10.1140/epjc/s10052-020-7655-x
 41. Dawson S, Sullivan M. Enhanced Di-higgs Boson Production in the Complex Higgs Singlet Model. Phys Rev D (2018) 97:015022. doi:10.1103/physrevd.97.015022
 42. Muehlleitner M, Sampaio MO, Santos R, Wittbrodt J. Phenomenological Comparison of Models with Extended Higgs Sectors. JHEP (2017) 08:132. 
 43. Cacciari M, Salam GP, Soyez G. The Anti-ktjet Clustering Algorithm. J High Energ Phys. (2008) 2008:063. doi:10.1088/1126-6708/2008/04/063
 44. Krohn D, Thaler J, Wang LT. Jet Trimming. JHEP (2010) 02:084. doi:10.1007/jhep02(2010)084
 45. Ellis SD, Vermilion CK, Walsh JR. Techniques for Improved Heavy Particle Searches with Jet Substructure. Phys Rev (2009) D80:051501. doi:10.1103/physrevd.80.051501
 46. Butterworth JM, Davison AR, Rubin M, Salam GP. Jet Substructure as a New Higgs-Search Channel at the Large Hadron Collider. Phys Rev Lett (2008) 100:242001. doi:10.1103/physrevlett.100.242001
 47.ATLAS collaboration. Performance of Jet Substructure Techniques for Large-R Jets in Proton-Proton Collisions at [image: image] = 7 TeV Using the ATLAS Detector. JHEP (2013) 09:076. 
 48.ATLAS collaboration. Measurement of W Boson Angular Distributions in Events with High Transverse Momentum Jets at [image: image] 8 TeV Using the ATLAS Detector. Phys Lett B (2017) 765:132. 
 49. Eboli OJP, Gonzalez-Garcia MC, Lietti SM. Bosonic Quartic Couplings at CERN LHC. Phys Rev (2004) D69:095005. doi:10.1103/physrevd.69.095005
 50. Eboli OJP, Gonzalez-Garcia MC, Mizukoshi JK. p p —[image: image] j j e+- mu+- nu nu and j j e+- mu-+ nu nu at O( alpha(em)**6) and O(alpha(em)**4 alpha(s)**2) for the study of the quartic electroweak gauge boson vertex at CERN LHC. Phys Rev (2006) D74:073005. 
 51. Chang J, Cheung K, Lu CT, Yuan TC. WW Scattering in the Era of post-Higgs-boson Discovery. Phys Rev (2013) D87:093005. 
 52. Espriu D, Yencho B. Longitudinal WW Scattering in Light of the ”Higgs Boson” Discovery. Phys Rev (2013) D87:055017. 
 53.CMS collaboration. Measurement of the Integrated and Differential [image: image] Production Cross Sections for High-Pt Top Quarks in Pp Collisions at [image: image] 8 TeV. Phys Rev D (2016) 94:072002. 
 54.CMS collaboration. Measurement of the Jet Mass in Highly Boosted [image: image] Events from Pp Collisions at [image: image]. Eur Phys J C (2017) 77:467.
 55.CMS collaboration. Measurement of the Jet Mass Distribution and Top Quark Mass in Hadronic Decays of Boosted Top Quarks in Pp Collisions at [image: image] TeV. Phys Rev Lett (2020) 124:202001.
 56.CMS collaboration. Measurement of Differential [image: image] Production Cross Sections Using Top Quarks at Large Transverse Momenta in Pp Collisions at [image: image] 13 TeV. Phys Rev D (2021) 103:052008. 
 57.CMS collaboration. Measurement of Differential [image: image] Production Cross Sections in the Full Kinematic Range Using Lepton+jets Events from Proton-Proton Collisions at [image: image] = 13 TeV. Phys Rev D (2021) 104:092013. 
 58.ATLAS collaboration. Measurements of Differential Cross-Sections in Top-Quark Pair Events with a High Transverse Momentum Top Quark and Limits on beyond the Standard Model Contributions to Top-Quark Pair Production with the ATLAS Detector at [image: image] TeV. arXiv:2202.12134 (2022). 
 59. Collaboration C. Identification of Heavy, Energetic, Hadronically Decaying Particles Using Machine-Learning Techniques. J Instrumentation (2020) 15:P06005. 
 60. Collamati F, Curatolo C, Lucchesi D, Mereghetti A, Mokhov N Palmer M, et al. Advanced Assessment of Beam-Induced Background at a Muon Collider. J Inst (2021) 16:P11009. doi:10.1088/1748-0221/16/11/p11009
 61. Buckley A, Butterworth J, Gieseke S, Grellscheid D, Höche S Hoeth H, et al. General-purpose Event Generators for LHC Physics. Phys Rep (2011) 504:145–233. doi:10.1016/j.physrep.2011.03.005
 62. Berger CF, Bern Z, Dixon LJ, Febres Cordero F, Forde D Ita H, et al. An Automated Implementation of On-Shell Methods for One-Loop Amplitudes. Phys Rev D (2008) 78:036003. doi:10.1103/physrevd.78.036003
 63. Bevilacqua G, Czakon M, Garzelli MV, van Hameren A, Kardos A Papadopoulos CG, et al. HELAC-NLO. Comput Phys Commun (2013) 184:986–97. doi:10.1016/j.cpc.2012.10.033
 64. Cascioli F, Maierhöfer P, Pozzorini S. Scattering Amplitudes with Open Loops. Phys Rev Lett (2012) 108:111601. doi:10.1103/physrevlett.108.111601
 65. Hirschi V, Frederix R, Frixione S, Garzelli MV, Maltoni F, Pittau R. Automation of One-Loop QCD Corrections. JHEP (2011) 05:044. 
 66. Cullen G, van Deurzen H, Greiner N, Heinrich G, Luisoni G Mastrolia P, et al. GOSAM-2.0: a Tool for Automated One-Loop Calculations within the Standard Model and beyond. Eur Phys J C (2014) 74:3001. doi:10.1140/epjc/s10052-014-3001-5
 67. Actis S, Denner A, Hofer L, Lang JN, Scharf A, Uccirati S. R E C O L A-REcursive Computation of One-Loop Amplitudes. Comput Phys Commun (2017) 214:140–73. doi:10.1016/j.cpc.2017.01.004
 68.ATLAS collaboration. Measurement of the Soft-Drop Jet Mass in Pp Collisions at [image: image] TeV with the ATLAS Detector. Phys Rev Lett (2018) 121:092001.
 69.CMS collaboration. Measurements of the Differential Jet Cross Section as a Function of the Jet Mass in Dijet Events from Proton-Proton Collisions at [image: image] TeV. JHEP (2018) 11:113. 
 70. Andersson B, Gustafson G, Söderberg B. A General Model for Jet Fragmentation. Z Phys C - Particles Fields (1983) 20:317–29. doi:10.1007/bf01407824
 71. Andersson B, Gustafson G, Ingelman G, Sjöstrand T. Parton Fragmentation and String Dynamics. Phys Rep (1983) 97:31–145. doi:10.1016/0370-1573(83)90080-7
 72. Gottschalk TD. A realistic model for e+e− annihilation including parton bremsstrahlung effects. Nucl Phys B (1983) 214:201–22. doi:10.1016/0550-3213(83)90658-2
 73. Gottschalk TD. An improved description of hadronization in the QCD cluster model for e+e− annihilation. Nucl Phys B (1984) 239:349–81. doi:10.1016/0550-3213(84)90253-0
 74. Webber BR. A QCD Model for Jet Fragmentation Including Soft Gluon Interference. Nucl Phys B (1984) 238:492–528. doi:10.1016/0550-3213(84)90333-x
 75. Bellm J, Gieseke S, Grellscheid D, Plätzer S, Rauch M Reuschle C, et al. Herwig 7.0/Herwig++ 3.0 Release Note. Eur Phys J C (2016) 76:196. doi:10.1140/epjc/s10052-016-4018-8
 76. Sjöstrand T, Ask S, Christiansen JR, Corke R, Desai N Ilten P, et al. An Introduction to PYTHIA 8.2. Comput Phys Commun (2015) 191:159–77. doi:10.1016/j.cpc.2015.01.024
 77.Sherpa Collaboration. Event Generation with Sherpa 2.2. Scipost Phys (2019) 7:034. 
 78. Kanaki A, Papadopoulos CG. HELAC: A Package to Compute Electroweak Helicity Amplitudes. Comput Phys Commun (2000) 132:306–15. doi:10.1016/s0010-4655(00)00151-x
 79. Krauss F, Kuhn R, Soff G. AMEGIC++ 1.0, A Matrix Element Generator in C++. J High Energ Phys. (2002) 2002:044. doi:10.1088/1126-6708/2002/02/044
 80. Mangano ML, Piccinini F, Polosa AD, Pittau MR, Polosa AD. ALPGEN, a Generator for Hard Multiparton Processes in Hadronic Collisions. J High Energ Phys. (2003) 2003:001. doi:10.1088/1126-6708/2003/07/001
 81. Gleisberg T, Höche S. Comix, a New Matrix Element Generator. J High Energ Phys. (2008) 2008:039. doi:10.1088/1126-6708/2008/12/039
 82. Alwall J, Frederix R, Frixione S, Hirschi V, Maltoni F Mattelaer O, et al. The Automated Computation of Tree-Level and Next-To-Leading Order Differential Cross Sections, and Their Matching to Parton Shower Simulations. JHEP (2014) 07:079. doi:10.1007/jhep07(2014)079
 83. Andersen JR, Bendavid J, Ciulli V, Denner A, Frederix R Grazzini M, et al. Les Houches 2015: Physics at TeV Colliders Standard Model Working Group Report. In: 9th Les Houches Workshop on Physics at TeV Colliders (2016). p. 5. arXiv:1605.04692. 
 84. Bellm J, Buckley A, Chen X, Ridder AGD, Gehrmann T Glover N, et al. Jet Cross Sections at the LHC and the Quest for Higher Precision. Eur Phys J C (2020) 80:93. doi:10.1140/epjc/s10052-019-7574-x
 85. Buckley A, Chen X, Cruz-Martinez J, Ferrario Ravasio S, Gehrmann T Glover EWN, et al. A Comparative Study of Higgs Boson Production from Vector-Boson Fusion. J High Energ Phys (2021) 2021:108. doi:10.1007/jhep11(2021)108
 86. Höche S, Reichelt D, Siegert F. Momentum Conservation and Unitarity in Parton Showers and NLL Resummation. J High Energ Phys (2018) 2018:118. doi:10.1007/jhep01(2018)118
 87. Dasgupta M, Dreyer FA, Hamilton K, Monni PF, Salam GP. Logarithmic Accuracy of Parton Showers: a Fixed-Order Study. JHEP (2018) 09:033. doi:10.1007/jhep09(2018)033
 88. Nagy Z, Soper DE. Summations of Large Logarithms by Parton Showers. Phys Rev D (2021) 104:054049. doi:10.1103/physrevd.104.054049
 89. Nagy Z, Soper DE. Parton Showers with Quantum Interference. J High Energ Phys. (2007) 2007:114. doi:10.1088/1126-6708/2007/09/114
 90. Bewick G, Ferrario Ravasio S, Richardson P, Seymour MH. Logarithmic Accuracy of Angular-Ordered Parton Showers. JHEP (2020) 04:019. doi:10.1007/jhep04(2020)019
 91. Dasgupta M, Dreyer FA, Hamilton K, Monni PF, Salam GP, Soyez G. Parton Showers beyond Leading Logarithmic Accuracy. Phys Rev Lett (2020) 125:052002. doi:10.1103/PhysRevLett.125.052002
 92. Knowles IG. A Linear Algorithm for Calculating Spin Correlations in Hadronic Collisions. Comput Phys Commun (1990) 58:271–84. doi:10.1016/0010-4655(90)90063-7
 93. Nagy Z, Soper DE. Parton Showers with Quantum Interference: Leading Color, with Spin. J High Energ Phys. (2008) 2008:025. doi:10.1088/1126-6708/2008/07/025
 94. Richardson P, Webster S. Spin Correlations in Parton Shower Simulations. Eur Phys J C (2020) 80:83. doi:10.1140/epjc/s10052-019-7429-5
 95. Karlberg A, Salam GP, Scyboz L, Verheyen R. Spin Correlations in Final-State Parton Showers and Jet Observables. Eur Phys J C (2021) 81:681. doi:10.1140/epjc/s10052-021-09378-0
 96. Hamilton K, Karlberg A, Salam GP, Scyboz L, Verheyen R. Soft Spin Correlations in Final-State Parton Showers. arXiv:2111.01161 (2021). 
 97. Nagy Z, Soper DE. Parton Showers with More Exact Color Evolution. Phys Rev D (2019) 99:054009. doi:10.1103/physrevd.99.054009
 98. Hamilton K, Medves R, Salam GP, Scyboz L, Soyez G. Colour and Logarithmic Accuracy in Final-State Parton Showers. arXiv:2011.10054 (2020). 
 99. Hartgring L, Laenen E, Skands P. Antenna Showers with One-Loop Matrix Elements. J High Energ Phys (2013) 2013:127. doi:10.1007/jhep10(2013)127
 100. Li HT, Skands P. A Framework for Second-Order Parton Showers. Phys Lett B (2017) 771:59–66. doi:10.1016/j.physletb.2017.05.011
 101. Höche S, Prestel S. Triple Collinear Emissions in Parton Showers. Phys Rev D (2017) 96:074017. doi:10.1103/physrevd.96.074017
 102. Dulat F, Höche S, Prestel S. Leading-Color Fully Differential Two-Loop Soft Corrections to QCD Dipole Showers. Phys Rev D (2018) 98:074013. doi:10.1103/physrevd.98.074013
 103. Gellersen L, Höche S, Prestel S. Disentangling Soft and Collinear Effects in QCD Parton Showers. arXiv:2110.05964 (2021). 
 104. Frixione S, Webber BR. Matching NLO QCD Computations and Parton Shower Simulations. J High Energ Phys. (2002) 2002:029. doi:10.1088/1126-6708/2002/06/029
 105. Nason P. A New Method for Combining NLO QCD with Shower Monte Carlo Algorithms. J High Energ Phys. (2004) 2004:040. doi:10.1088/1126-6708/2004/11/040
 106. Catani S, Krauss F, Kuhn BRR, Webber BR. QCD Matrix Elements + Parton Showers. J High Energ Phys. (2001) 2001:063. doi:10.1088/1126-6708/2001/11/063
 107. Mangano ML, Moretti M, Pittau R. Multijet matrix elements and shower evolution in hadronic collisions: -jets as a case study [image: image] + n jets as a case study. Nucl Phys B (2002) 632:343–62. doi:10.1016/s0550-3213(02)00249-3
 108. Lönnblad L. Correcting the Colour-Dipole Cascade Model with Fixed Order Matrix Elements. J High Energ Phys. (2002) 2002:046. doi:10.1088/1126-6708/2002/05/046
 109. Hoeche S, Krauss F, Schonherr M, Siegert F. QCD Matrix Elements + Parton Showers: The NLO Case. JHEP (2013) 04:027. 
 110. Frederix R, Frixione S. Merging Meets Matching in MC@NLO. JHEP (2012) 12:061. doi:10.1007/jhep12(2012)061
 111. Lönnblad L, Prestel S. Merging Multi-Leg NLO Matrix Elements with Parton Showers. J High Energ Phys (2013) 2013:166. doi:10.1007/jhep03(2013)166
 112. Bellm J, Gieseke S, Plätzer S. Merging NLO Multi-Jet Calculations with Improved Unitarization. Eur Phys J C (2018) 78:244. doi:10.1140/epjc/s10052-018-5723-2
 113. Hamilton K, Nason P, Oleari C, Zanderighi G. Merging H/W/Z + 0 and 1 Jet at NLO with No Merging Scale: a Path to Parton Shower + NNLO Matching. JHEP (2013) 05:082. 
 114. Alioli S, Bauer CW, Berggren C, Tackmann FJ, Walsh JR, Zuberi S. Matching Fully Differential NNLO Calculations and Parton Showers. JHEP (2014) 06:089. doi:10.1007/jhep06(2014)089
 115. Monni PF, Nason P, Re E, Wiesemann M, Zanderighi G. MiNNLOPS: a New Method to Match NNLO QCD to Parton Showers. J High Energ Phys (2020) 2020:143. doi:10.1007/jhep05(2020)143
 116. Höche S, Li Y, Prestel S. Drell-Yan Lepton Pair Production at NNLO QCD with Parton Showers. Phys Rev D (2015) 91:074015. doi:10.1103/physrevd.91.074015
 117. Prestel S. Matching N3LO QCD Calculations to Parton Showers. JHEP (2021) 11:041. doi:10.1007/jhep11(2021)041
 118. Bertone V, Prestel S. Combining N3LO QCD Calculations and Parton Showers for Hadronic Collision Events. arXiv:2202.01082 (2022). 
 119. Sjöstrand T, van Zijl M. A Multiple-Interaction Model for the Event Structure in Hadron Collisions. Phys Rev D (1987) 36:2019–41. doi:10.1103/physrevd.36.2019
 120. Butterworth JM, Forshaw JR, Seymour MH. Multiparton Interactions in Photoproduction at HERA. Z Phys C - Particles Fields (1996) 72:637–46. doi:10.1007/s002880050286
 121. Bengtsson HU, Sjöstrand T. The Lund Monte Carlo for Hadronic Processes - PYTHIA Version 4.8. Comput Phys Commun (1987) 46:43–82. doi:10.1016/0010-4655(87)90036-1
 122. Andersson B. The Lund Model, Vol. 7. Cambridge: Cambridge University Press (2005). p. 7. doi:10.1017/CBO9780511524363
 123. Winter JC, Krauss F, Soff G. A Modified Cluster-Hadronisation Model. Eur Phys J C (2004) 36:381–95. doi:10.1140/epjc/s2004-01960-8
 124. Ghosh A, Nachman B. A Cautionary Tale of Decorrelating Theory Uncertainties. Eur Phys J C (2022) 82:46. doi:10.1140/epjc/s10052-022-10012-w
 125. Hoeche S, Krauss F, Schonherr M, Siegert F. A Critical Appraisal of NLO+PS Matching Methods. JHEP (2012) 09:049. 
 126.SMNLO MULTILEG Working GroupSM MC Working Group collaboration. The SM and NLO Multileg and SM MC Working Groups: Summary Report. In: 7th Les Houches Workshop on Physics at TeV Colliders , 3 (2012). p. 1–220. arXiv:1203.6803. 
 127. Yeh CH, Chekanov SV, Kotwal AV, Proudfoot J, Sen S Tran NV, et al. Studies of Granularity of a Hadronic Calorimeter for Tens-Of-TeV Jets at a 100 TeV Pp Collider. J Inst (2019) 14:P05008. doi:10.1088/1748-0221/14/05/p05008
 128. Coleman E, Freytsis M, Hinzmann A, Narain M, Thaler J Tran N, et al. The Importance of Calorimetry for Highly-Boosted Jet Substructure. J Inst (2018) 13:T01003. doi:10.1088/1748-0221/13/01/t01003
 129.CMS collaboration. Particle-flow Reconstruction and Global Event Description with the CMS Detector. JINST (2017) 12:P10003. 
 130.ILD collaboration. The ILD Detector at the ILC. arXiv:1912.04601 (2019). 
 131. Breidenbach M, Brau JE, Burrows P, Markiewicz T, Stanitzki M Strube J, et al. Updating the SiD Detector Concept. arXiv:2110.09965 (2021). 
 132.CLICdp collaboration. A Detector for CLIC: Main Parameters and Performance. arXiv:1812.07337 (2021). 
 133. Bacchetta N, Blaising JJ, Brondolin E, Dam M, Dannheim D Elsener K, et al. CLD – A Detector Concept for the FCC-Ee. arXiv:1911.12230 (2019). 
 134.CALICE collaboration. Tests of a Particle Flow Algorithm with CALICE Test Beam Data. JINST (2011) 6:P07005. 
 135.ALICE Collaboration. Letter of Intent: A Forward Calorimeter (FoCal) in the ALICE experiment. In: CERN-LHCC-2020-009, LHCC-I-036 (2020). 
 136.ATLAS Collaboration Collaboration. ATLAS Phase-II Upgrade Scoping Document. In: Tech. Rep . Geneva: CERN (2015). 
 137. Contardo D, Klute M, Mans J, Silvestris L, Butler J. Technical Proposal for the Phase-II Upgrade of the CMS Detector. In: Tech. Rep . Geneva: CERN (2015). 
 138. Ström R, Roloff P. Physics Potential for Boosted Topologies in Top-Quark Pair Production at a Multi-TeV Compact Linear Collider. arXiv:2008.05526 (2020). 
 139. Thaler J, Van Tilburg K. Identifying Boosted Objects with N-Subjettiness. JHEP (2011) 03:015. doi:10.1007/jhep03(2011)015
 140. Thaler J, Van Tilburg K. Maximizing Boosted Top Identification by Minimizing N-Subjettiness. JHEP (2012) 02:093. doi:10.1007/jhep02(2012)093
 141. Larkoski AJ, Moult I, Neill D. Power Counting to Better Jet Observables. JHEP (2014) 12:009. doi:10.1007/jhep12(2014)009
 142.ATLAS Collaboration collaboration. Technical Design Report: A High-Granularity Timing Detector for the ATLAS Phase-II Upgrade. In: Tech. Tep. Geneva: CERN (2020). 
 143.CMS collaboration. A MIP Timing Detector for the CMS Phase-2 Upgrade (2019). 
 144. Coleman E, Freytsis M, Hinzmann A, Narain M, Thaler J Tran N, et al. The Importance of Calorimetry for Highly-Boosted Jet Substructure. J Inst (2018) 13:T01003. doi:10.1088/1748-0221/13/01/t01003
 145.CMS collaboration. The Phase-2 Upgrade of the CMS Endcap Calorimeter. In: Tech. Rep. Geneva: CERN (2017). 
 146.FCC collaboration. FCC-hh: The Hadron Collider: Future Circular Collider Conceptual Design Report Volume 3. Eur Phys J ST (2019) 228:755. 
 147. Chekanov SV. Performance Requirements for Hadron Calorimeters. In: First Annual Meeting of the Future Circular Collider study;  (23-29 March 2015); Washington, DC (2015). 
 148. Chekanov SV, Beydler M, Kotwal AV, Gray L, Sen S Tran NV, et al. Initial Performance Studies of a General-Purpose Detector for Multi-TeV Physics at a 100 TeVppcollider. J Inst (2017) 12:P06009. doi:10.1088/1748-0221/12/06/p06009
 149.CALICE collaboration. Hadronic Energy Resolution of a Highly Granular Scintillator-Steel Hadron Calorimeter Using Software Compensation Techniques. JINST (2012) 7:P09017. 
 150. Abusleme Hoffman AC, Parès G, Fritzsch T, Rothermund M, Jansen H Krüger K, et al. Detector Technologies for CLIC. arXiv:1905.02520 (2019). 
 151. Aleksa M, Allport P, Bosley R, Faltova J, Gentil J Goncalo R, et al. Calorimeters for the FCC-Hh. arXiv:1912.09962 (2019). 
 152.GEANT4 collaboration. GEANT4–a Simulation Toolkit. Nucl Instrum Meth A (2003) 506:250. 
 153.CALICE collaboration. Characterisation of Different Stages of Hadronic Showers Using the CALICE Si-W ECAL Physics Prototype. Nucl Instrum Meth A (2019) 937:41. 
 154. Thomson MA. Model-independent measurement of the e $$^{{+}}$$ + e $$^{-}$$ - $$\rightarrow $$ → HZ cross section at a future e $$^{{+}}$$ + e $$^{-}$$ - linear collider using hadronic Z decays. Eur Phys J C (2016) 76:72. doi:10.1140/epjc/s10052-016-3911-5
 155. Lai PZ, Ruan M, Kuo CM. Jet Performance at the Circular Electron-Positron Collider. J Inst (2021) 16:P07037. doi:10.1088/1748-0221/16/07/p07037
 156. Boronat M, Fuster J, Garcia I, Roloff P, Simoniello R, Vos M. Jet Reconstruction at High-Energy Electron-Positron Colliders. Eur Phys J C (2018) 78:144. doi:10.1140/epjc/s10052-018-5594-6
 157. Boronat M, Fuster J, García I, Ros E, Vos M. A Robust Jet Reconstruction Algorithm for High-Energy Lepton Colliders. Phys Lett B (2015) 750:95–9. doi:10.1016/j.physletb.2015.08.055
 158. Stewart IW, Tackmann FJ, Thaler J, Vermilion CK, Wilkason TF. XCone: N-Jettiness as an Exclusive Cone Jet Algorithm. JHEP (2015) 11:072. doi:10.1007/jhep11(2015)072
 159. Cacciari M, Salam GP. Dispelling the N3 Myth for the Kt Jet-Finder. Phys Lett B (2006) 641:57. 
 160. Cacciari M, Salam GP, Soyez G. FastJet User Manual. Eur Phys J C (2012) 72:1896. doi:10.1140/epjc/s10052-012-1896-2
 161. Cacciari M, Salam GP, Soyez G. The Catchment Area of Jets. J High Energ Phys. (2008) 2008:005. doi:10.1088/1126-6708/2008/04/005
 162.CMS collaboration. Pileup Removal Algorithms. In: CMS Physics Analysis Summary CMS-PAS-JME-14-001 (2014). 
 163.ATLAS Collaboration. Performance of Pile-Up Mitigation Techniques for Jets in Pp Collisions at [image: image] Tev Using the Atlas Detector. Eur Phys J C (2016) 76:581.
 164.ATLAS Collaboration. Jet Energy Scale Measurements and Their Systematic Uncertainties in Proton-Proton Collisions at [image: image] Tev with the Atlas Detector. Phys Rev D (2017) 96:072002. 
 165.CMS Collaboration. Jet Energy Scale and Resolution in the Cms experiment in Pp Collisions at 8 Tev. JINST (2017) 12:P02014. 
 166. Dasgupta M, Magnea L, Salam GP. Non-perturbative QCD Effects in Jets at Hadron Colliders. J High Energ Phys. (2008) 2008:055. doi:10.1088/1126-6708/2008/02/055
 167. Krohn D, Thaler J, Wang LT. Jets with Variable R. J High Energ Phys. (2009) 2009:059. doi:10.1088/1126-6708/2009/06/059
 168. Lapsien T, Kogler R, Haller J. A New Tagger for Hadronically Decaying Heavy Particles at the LHC. Eur Phys J C (2016) 76:600. doi:10.1140/epjc/s10052-016-4443-8
 169.ATLAS collaboration. Boosted Object Tagging with Variable-R Jets in the ATLAS Detector. In: ATLAS Physics Note ATL-PHYS-PUB-2016-013 (2016). 
 170.ATLAS collaboration. Variable Radius, Exclusive-kT, and center-of-mass Subjet Reconstruction for Higgs[image: image] Tagging in ATLAS. In: ATLAS Physics Note ATL-PHYS-PUB-2017-010 (2017). 
 171.CMS collaboration. Identification of Heavy, Energetic, Hadronically Decaying Particles Using Machine-Learning Techniques. JINST (2020) 15:P06005. 
 172.ATLAS collaboration. Jet Reconstruction and Performance Using Particle Flow with the ATLAS Detector. Eur Phys J C (2017) 77:466.
 173.ATLAS collaboration. Improving Jet Substructure Performance in ATLAS Using Track-CaloClusters (2017). 
 174.CMS collaboration. Pileup Mitigation at CMS in 13 TeV Data. JINST (2020) 15:P09018. 
 175.CMS collaboration. V Tagging Observables and Correlations. In: Physics Analysis Summary CMS-PAS-JME-14-002 (2014). 
 176.CLICdp collaboration. Top-Quark Physics at the CLIC Electron-Positron Linear Collider. JHEP (2019) 11:003. 
 177. Fujii K, Grojean C, Peskin ME, Barklow T, Gao Y Kanemura S, et al. ILC Study Questions for Snowmass 2021. arXiv:2007.03650 (2021). 
 178. Delahaye JP, Diemoz M, Long K, Mansoulié B, Pastrone N Rivkin L, et al. Muon Colliders. arXiv:1901.06150 (2019). 
 179.ALEGRO collaboration. Towards an Advanced Linear International Collider. arXiv:1901.10370 (2019). 
 180. Bai M, Barklow T, Bartoldus R, Breidenbach M, Grenier P Huang Z, et al. C3: A “Cool” Route to the Higgs Boson and beyond. arXiv:2110.15800 (2021) 10. 
 181. Bartosik N, Andreetto P, Buonincontri L, Casarsa M, Gianelle A Griso SP, et al. Full Detector Simulation with Unprecedented Background Occupancy at a Muon Collider. Comput Softw Big Sci (2021) 5:21. doi:10.1007/s41781-021-00067-x
 182.ATLAS collaboration. Topological Cell Clustering in the ATLAS Calorimeters and its Performance in LHC Run 1. Eur Phys J C (2017) 77:490.
 183. Berta P, Spousta M, Miller DW, Leitner R. Particle-level Pileup Subtraction for Jets and Jet Shapes. JHEP (2014) 06:092. doi:10.1007/jhep06(2014)092
 184.ATLAS collaboration. Optimisation of Large-Radius Jet Reconstruction for the ATLAS Detector in 13 TeV Proton–Proton Collisions. Eur Phys J C (2021) 81:334. 
 185. Bertolini D, Harris P, Low M, Tran N. Pileup Per Particle Identification. JHEP (2014) 10:059. doi:10.1007/jhep10(2014)059
 186. Cacciari M, Salam GP, Soyez G. SoftKiller, a Particle-Level Pileup Removal Method. Eur Phys J C (2015) 75:59. doi:10.1140/epjc/s10052-015-3267-2
 187.ATLAS Collaboration. Constituent-level Pile-Up Mitigation Techniques in ATLAS. In: ATLAS-CONF-2017-065 (2017). 
 188.CMS. Pileup-per-particle Identification: Optimisation for Run 2 Legacy and beyond. In: Detector Performance Note CMS-DP-2021-001 (2021). 
 189.ATLAS Collaboration. A High-Granularity Timing Detector for the ATLAS Phase-II Upgrade: Technical Design Report. In: atlas-tdr-031; Cern-Lhcc-2020-007 (2020). 
 190.CMS collaboration. The Phase-2 Upgrade of the CMS Endcap Calorimeter (2017). 
 191. Komiske PT, Metodiev EM, Nachman B, Schwartz MD. Pileup Mitigation with Machine Learning (PUMML). JHEP (2017) 12:051. doi:10.1007/jhep12(2017)051
 192. Arjona Martínez J, Cerri O, Spiropulu M, Pierini JRM, Vlimant J-R. Pileup Mitigation at the Large Hadron Collider with Graph Neural Networks. Eur Phys J Plus (2019) 134:333. doi:10.1140/epjp/i2019-12710-3
 193. Mikuni V, Canelli F. ABCNet: An Attention-Based Method for Particle Tagging. Eur Phys J Plus (2020) 135:463. doi:10.1140/epjp/s13360-020-00497-3
 194. Maier B, Narayanan SM, de Castro G, Goncharov M, Paus C, Schott M. Pile-Up Mitigation Using Attention. arXiv:2107.02779 (2021). 
 195. Schwaller P, Stolarski D, Weiler A. Emerging Jets, JHEP (2015) 05:059.
 196.CMS collaboration. Search for New Particles Decaying to a Jet and an Emerging Jet. JHEP (2019) 02:179. 
 197. Chiu WH, Liu Z, Low M, Wang LT. Jet Timing. JHEP (2022) 01:014. doi:10.1007/jhep01(2022)014
 198. Chatterjee S, Godbole R, Roy TS. Jets with Electrons from Boosted Top Quarks. J High Energ Phys (2020) 2020:170. doi:10.1007/jhep01(2020)170
 199. Mitra M, Ruiz R, Scott DJ, Spannowsky M. Neutrino Jets from High-Mass WR Gauge Bosons in TeV-Scale Left-Right Symmetric Models. Phys Rev D (2016) 94:095016. doi:10.1103/physrevd.94.095016
 200. Nemevšek M, Nesti F, Popara G. Keung-Senjanović Process at the LHC: From Lepton Number Violation to Displaced Vertices to Invisible Decays. Phys Rev D (2018) 97:115018. 
 201. du Plessis K, Flores MM, Kar D, Sinha S, van der Schyf H. Hitting Two BSM Particles with One Lepton-Jet: Search for a Top Partner Decaying to a Dark Photon, Resulting in a Lepton-Jet. arXiv:2112.08425 (2021). 
 202. Dube S, Gadkari D, Thalapillil AM. Lepton-Jets and Low-Mass Sterile Neutrinos at Hadron Colliders. Phys Rev D (2017) 96:055031. doi:10.1103/physrevd.96.055031
 203. Wang D, Wu L, Yang JM, Zhang M. Photon-jet Events as a Probe of Axionlike Particles at the LHC. Phys Rev D (2021) 104:095016. doi:10.1103/physrevd.104.095016
 204. Sheff B, Steinberg N, Wells JD. Higgs Boson Decays into Narrow Diphoton Jets and Their Search Strategies at the Large Hadron Collider. Phys Rev D (2021) 104:036009. doi:10.1103/physrevd.104.036009
 205. Cohen T, Lisanti M, Lou HK. Semivisible Jets: Dark Matter Undercover at the LHC. Phys Rev Lett (2015) 115:171804. doi:10.1103/physrevlett.115.171804
 206. Cohen T, Lisanti M, Lou HK, Mishra-Sharma S. LHC Searches for Dark Sector Showers. J High Energ Phys (2017) 2017:196. doi:10.1007/jhep11(2017)196
 207. Kar D, Sinha S. Exploring Jet Substructure in Semi-visible Jets. Scipost Phys (2021) 10:084. doi:10.21468/scipostphys.10.4.084
 208. Canelli F, de Cosa A, Pottier LL, Niedziela J, Pedro K, Pierini M. Autoencoders for Semivisible Jet Detection. arXiv:2112.02864 (2021). 
 209.CMS collaboration. Search for a Right-Handed W Boson and a Heavy Neutrino in Proton-Proton Collisions at [image: image] = 13 TeV. arXiv:1803.11116 (2018). 
 210.ATLAS collaboration. Search for a Right-Handed Gauge Boson Decaying into a High-Momentum Heavy Neutrino and a Charged Lepton in Pp Collisions with the ATLAS Detector at [image: image] TeV. Phys Lett B (2019) 798:134942. 
 211.CMS collaboration. Search for Resonant Production of Strongly Coupled Dark Matter in Proton-Proton Collisions at 13 TeV. arXiv:2112.11125 (2021). 
 212.ATLAS collaboration. Search for Light Long-Lived Neutral Particles Produced in Pp Collisions at [image: image] 13 TeV and Decaying into Collimated Leptons or Light Hadrons with the ATLAS Detector. Eur Phys J C (2020) 80:450. 
 213.CMS collaboration. Search for Long-Lived Particles Using Nonprompt Jets and Missing Transverse Momentum with Proton-Proton Collisions at [image: image] 13 TeV. Phys Lett B (2019) 797:134876. 
 214. Liu J, Liu Z, Wang LT. Enhancing Long-Lived Particles Searches at the LHC with Precision Timing Information. Phys Rev Lett (2019) 122:131801. doi:10.1103/physrevlett.122.131801
 215. Allaire C, Benitez J, Bomben M, Calderini G, Carulla M Cavallaro E, et al. Beam Test Measurements of Low Gain Avalanche Detector Single Pads and Arrays for the ATLAS High Granularity Timing Detector. J Inst (2018) 13:P06017. doi:10.1088/1748-0221/13/06/p06017
 216.ATLAS Collaboration collaboration. Technical Design Report for the ATLAS Inner Tracker Pixel Detector. In: Tech. Rep. Geneva: CERN (2017). 
 217.ATLAS Collaboration collaboration. Technical Design Report for the ATLAS Inner Tracker Strip Detector. In: Tech. Rep. Geneva: CERN (2017). 
 218.CMS Collaboration collaboration. The Phase-2 Upgrade of the CMS Tracker. In: Tech. Rep. Geneva: CERN (2017). 
 219.CMS Collaboration collaboration. The Phase-2 Upgrade of the CMS Level-1 Trigger. In: Tech. Rep. Geneva: CERN (2020). 
 220. de Oliveira L, Kagan M, Mackey L, Nachman B, Schwartzman A. Jet-images — Deep Learning Edition. JHEP (2016) 07:069. 
 221. Ren J, Wang D, Wu L, Yang JM, Zhang M. Detecting an Axion-like Particle with Machine Learning at the LHC. J High Energ Phys (2021) 2021:138. doi:10.1007/jhep11(2021)138
 222. Giudice GF, Rattazzi R. Theories with Gauge-Mediated Supersymmetry Breaking. Phys Rep (1999) 322:419–99. doi:10.1016/s0370-1573(99)00042-3
 223. Arkani-Hamed N, Dimopoulos S. Supersymmetric Unification without Low Energy Supersymmetry and Signatures for fine-tuning at the LHC. J High Energ Phys. (2005) 2005:073. doi:10.1088/1126-6708/2005/06/073
 224. Giudice GF, Romanino A. Split Supersymmetry. Nucl Phys B (2004) 699:65–89. doi:10.1016/j.nuclphysb.2004.08.001
 225. Fan J, Reece M, Ruderman JT. Stealth Supersymmetry. JHEP (2011) 11:012. doi:10.1007/jhep11(2011)012
 226. Strassler MJ, Zurek KM. Echoes of a Hidden valley at Hadron Colliders. Phys Lett B (2007) 651:374–9. doi:10.1016/j.physletb.2007.06.055
 227. Meade P, Reece M, Shih D. Long-Lived Neutralino NLSPs. JHEP (2010) 10:067. doi:10.1007/jhep10(2010)067
 228. Craig N, Katz A, Strassler M, Sundrum R. Naturalness in the Dark at the LHC. J High Energ Phys (2015) 2015:105. doi:10.1007/jhep07(2015)105
 229. Carloni L, Sjöstrand T. Visible Effects of Invisible Hidden Valley Radiation. J High Energ Phys (2010) 2010:105. doi:10.1007/jhep09(2010)105
 230. Carloni L, Rathsman J, Sjostrand T. Discerning Secluded Sector Gauge Structures. JHEP (2011) 04:091. doi:10.1007/jhep04(2011)091
 231. Larkoski AJ, Salam GP, Thaler J. Energy Correlation Functions for Jet Substructure. J High Energ Phys (2013) 2013:108. doi:10.1007/jhep06(2013)108
 232. Cohen T, Doss J, Freytsis M. Jet Substructure from Dark Sector Showers. J High Energ Phys (2020) 2020:118. doi:10.1007/jhep09(2020)118
 233. Larkoski AJ, Maltoni F, Selvaggi M. Tracking Down Hyper-Boosted Top Quarks. arXiv:1503.03347 (2015). doi:10.1007/jhep06(2015)032
 234. Chang HM, Procura M, Thaler J, Waalewijn WJ. Calculating Track-Based Observables for the Lhc. Phys Rev Lett (2013) 111:102002. doi:10.1103/PhysRevLett.111.102002
 235. Elder BT, Thaler J. Aspects of Track-Assisted Mass. J High Energ Phys (2019) 2019. doi:10.1007/jhep03(2019)104
 236. Spannowsky M, Stoll M. Tracking New Physics at the Lhc and beyond. Phys Rev D (2015) 92. doi:10.1103/physrevd.92.054033
 237.ATLAS Collaboration collaboration. Jet Mass Reconstruction with the ATLAS Detector in Early Run 2 Data. In: Tech. Rep. Geneva: CERN (2016). 
 238. Gouskos L, Sung A, Incandela J. Search for Stop Scalar Quarks at FCC-Hh. In: Tech. Rep. Geneva: CERN (2018). 
 239.ATLAS Collaboration collaboration. Improving Jet Substructure Performance in ATLAS Using Track-CaloClusters. In: Tech. Rep. Geneva: CERN (2017). 
 240.CMS Collaboration collaboration. Mass Regression of Highly-Boosted Jets Using Graph Neural Networks (2021). 
 241. Thaler J, Van Tilburg K. Identifying Boosted Objects with N-Subjettiness. J High Energ Phys (2011) 2011. doi:10.1007/jhep03(2011)015
 242. Larkoski AJ, Salam GP, Thaler J. Energy Correlation Functions for Jet Substructure. J High Energ Phys (2013) 2013. doi:10.1007/jhep06(2013)108
 243. Plehn T, Salam GP, Spannowsky M. Fat Jets for a Light Higgs Boson. Phys Rev Lett (2010) 104:111801. doi:10.1103/PhysRevLett.104.111801
 244. Plehn T, Spannowsky M, Takeuchi M, Zerwas D. Stop Reconstruction with Tagged Tops. J High Energ Phys (2010) 2010. doi:10.1007/jhep10(2010)078
 245. Han Z, Son M, Tweedie B. Top-tagging at the Energy Frontier. Phys Rev D (2018) 97. doi:10.1103/physrevd.97.036023
 246. Mangano ML, Zanderighi G, Saavedra JAA, Alekhin S, Badger S Bauer CW, et al. Physics at a 100 Tev Pp Collider: Standard Model Processes. arXiv:1607.01831 (2016). 
 247. Rehermann K, Tweedie B. Efficient Identification of Boosted Semileptonic Top Quarks at the Lhc. J High Energ Phys (2011) 2011. doi:10.1007/jhep03(2011)059
 248. Agashe K, Collins JH, Du P, Hong S, Kim D, Mishra RK. Detecting a Boosted Diboson Resonance. JHEP (2018) 11:027. doi:10.1007/jhep11(2018)027
 249.CMS collaboration. Measurement of Jet Substructure Observables in [image: image] Events from Proton-Proton Collisions at [image: image] 13TeV. Phys Rev D (2018) 98:092014. 
 250.ATLAS Collaboration. Measurement of Jet-Substructure Observables in Top Quark, W Boson and Light Jet Production in Proton-Proton Collisions at [image: image] TeV with the ATLAS Detector. JHEP (2019) 08:033. 
 251.CMS collaboration. Development and Validation of HERWIG 7 Tunes from CMS Underlying-Event Measurements. Eur Phys J C (2021) 81:312.
 252.CMS collaboration. A New Set of CMS Tunes for Novel Colour Reconnection Models in PYTHIA8 Based on Underlying-Event Data (2021). 
 253. Buckley A, Hoeth H, Lacker H, Schulz H, von Seggern JE. Systematic Event Generator Tuning for the LHC. Eur Phys J C (2010) 65:331–57. doi:10.1140/epjc/s10052-009-1196-7
 254. Šimko T, Lange C, Heinrich LA, Lintuluoto AE, MacDonell DM Mečionis A, et al. Scalable Declarative Hep Analysis Workflows for Containerised Compute Clouds. Front Big Data (2021) 4.
 255. Andreassen A, Nachman B. Neural Networks for Full Phase-Space Reweighting and Parameter Tuning. Phys Rev D (2020) 101:091901(R). doi:10.1103/physrevd.101.091901
 256. Arratia M, Butter A, Campanelli M, Croft V, Gillberg D Ghosh A, et al. Publishing Unbinned Differential Cross Section Results. J Inst (2022) 17:P01024. doi:10.1088/1748-0221/17/01/p01024
 257. Nachman B. Anomaly Detection for Physics Analysis and Less Than Supervised Learning. arXiv:2010.14554 (2020). 
 258. Kasieczka G, Nachman B, Shih D, Amram O, Andreassen A Benkendorfer K, et al. The LHC Olympics 2020 a Community challenge for Anomaly Detection in High Energy Physics. Rep Prog Phys (2021) 84:124201. doi:10.1088/1361-6633/ac36b9
 259. Aarrestad T, van Beekveld M, Bona M, Boveia A, Caron S Davies J, et al. The Dark Machines Anomaly Score Challenge: Benchmark Data and Model Independent Event Classification for the Large Hadron Collider. Scipost Phys (2022) 12:043. doi:10.21468/scipostphys.12.1.043
 260. Karagiorgi G, Kasieczka G, Kravitz S, Nachman B, Shih D. Machine Learning in the Search for New Fundamental Physics. arXiv:2112.03769 (2021). 
 261. Farina M, Nakai Y, Shih D. Searching for New Physics with Deep Autoencoders. Phys Rev D (2020) 101:075021. doi:10.1103/physrevd.101.075021
 262. Heimel T, Kasieczka G, Plehn T, Thompson JM. QCD or what?Scipost Phys (2019) 6:030. doi:10.21468/scipostphys.6.3.030
 263. Macaluso S, Shih D. Pulling Out All the Tops with Computer Vision and Deep Learning. J High Energ Phys (2018) 2018:121. doi:10.1007/jhep10(2018)121
 264. Chekanov SV, Hopkins W. Event-based Anomaly Detection for New Physics Searches at the LHC Using Machine Learning. arXiv:2111.12119 (2021). 
 265. Dillon BM, Faroughy DA, Kamenik JF, Szewc M. Learning Latent Jet Structure. Symmetry (2021) 13:1167. doi:10.3390/sym13071167
 266. Dillon BM, Plehn T, Sauer C, Sorrenson P. Better Latent Spaces for Better Autoencoders. Scipost Phys (2021) 11:061. doi:10.21468/scipostphys.11.3.061
 267. Buss T, Dillon BM, Finke T, Krämer M, Morandini A Mück A, et al. What’s Anomalous in LHC Jets?arXiv:2202.00686 (2022). 
 268. Dillon BM, Kasieczka G, Olischlager H, Plehn T, Sorrenson P, Vogel L. Symmetries, Safety, and Self-Supervision. arXiv:2108.04253 (2021). 
 269. Metodiev EM, Nachman B, Thaler J. Classification without Labels: Learning from Mixed Samples in High Energy Physics. J High Energ Phys (2017) 2017:174. doi:10.1007/jhep10(2017)174
 270. Collins J, Howe K, Nachman B. Anomaly Detection for Resonant New Physics with Machine Learning. Phys Rev Lett (2018) 121:241803. doi:10.1103/physrevlett.121.241803
 271. Collins JH, Howe K, Nachman B. Extending the Search for New Resonances with Machine Learning. Phys Rev (2019) D99:014038. doi:10.1103/physrevd.99.014038
 272.ATLAS collaboration. Dijet Resonance Search with Weak Supervision Using [image: image] TeV Pp Collisions in the ATLAS Detector. Phys Rev Lett (2020) 125:131801.
 273. Mikuni V, Nachman B, Shih D. Online-compatible Unsupervised Non-resonant Anomaly Detection. arXiv:2111.06417 (2021). 
 274. Agarwal G, Hay L, Iashvili I, Mannix B, McLean C Morris M, et al. Explainable AI for ML Jet Taggers Using Expert Variables and Layerwise Relevance Propagation. J High Energ Phys (2021) 2021:208. doi:10.1007/jhep05(2021)208
 275. Mokhtar F, Kansal R, Diaz D, Duarte J, Pata J Pierini M, et al. Explaining Machine-Learned Particle-Flow Reconstruction. 35th Conf Neural Inf Process Syst (2021) 11:211112840. 
 276. Huffman BT, Jackson C, Tseng J. Taggingbquarks at Extreme Energies without Tracks. J Phys G: Nucl Part Phys (2016) 43:085001. doi:10.1088/0954-3899/43/8/085001
 277. Todd Huffman B, Russell T, Tseng J. Tagging B Quarks without Tracks Using an Artificial Neural Network Algorithm. arXiv:1701.06832 (2017). 
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Bonilla, Chachamis, Dillon, Chekanov, Erbacher, Gouskos, Hinzmann, Höche, Huffman, Kotwal, Kar, Kogler, Lange, LeBlanc, Lemmon, McLean, Nachman, Neubauer, Plehn, Rappoccio, Roy, Roloff, Stark, Tran, Vos, Yeh and Yu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/inline_40.gif





OPS/images/inline_4.gif
u— ey





OPS/images/inline_42.gif





OPS/images/inline_41.gif
eV






OPS/images/inline_37.gif





OPS/images/inline_36.gif





OPS/images/inline_39.gif





OPS/images/inline_38.gif
it







OPS/images/inline_34.gif
Vs







OPS/images/inline_33.gif
hi»






OPS/images/inline_35.gif





OPS/images/logo.jpg
P frontiers | Frontiers in Physics





OPS/images/inline_8.gif





OPS/images/math_1.gif
Flow,s

Uil

&\l

[0





OPS/images/inline_9.gif





OPS/images/inline_30.gif





OPS/images/inline_3.gif





OPS/images/inline_32.gif





OPS/images/inline_31.gif





OPS/images/inline_27.gif
it





OPS/images/math_2.gif
<AR(p, jet) < gﬁ. @





OPS/images/inline_29.gif





OPS/images/inline_28.gif





OPS/images/inline_24.gif
it





OPS/images/inline_23.gif
eV






OPS/images/inline_26.gif





OPS/images/inline_25.gif





OPS/images/inline_55.gif





OPS/images/inline_54.gif





OPS/images/inline_20.gif





OPS/images/inline_60.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Jets and Jet Substructure at Future Colliders		1 Introduction

		2 Signatures of Interest		2.1 Light Quark and Gluon Jets

		2.2 Bottom Quarks

		2.3 H Boson

		2.4 W/Z Bosons

		2.5 Top Quark

		2.6 Background Processes





		3 Theoretical Innovation

		4 Experimental Innovation		4.1 Detector Optimization

		4.2 Reconstruction Algorithms





		5 Enhancing Sensitivity		5.1 Uncovered Scenarios

		5.2 New Observables

		5.3 Novel Physics Effects

		5.4 Novel Analysis Techniques





		6 Executive Summary

		Author Contributions

		Funding

		Publisher’s Note

		Footnotes

		References









OPS/images/inline_2.gif





OPS/images/inline_6.gif





OPS/images/inline_22.gif
Grs — 4q





OPS/images/inline_7.gif





OPS/images/inline_21.gif
AR(p, jet) = [ (An)* + (Ag)?





OPS/images/inline_61.gif





OPS/images/inline_57.gif





OPS/images/inline_56.gif





OPS/images/inline_19.gif
P





OPS/images/inline_59.gif





OPS/images/inline_18.gif
M = Sz Miracks





OPS/images/inline_58.gif





OPS/images/inline_53.gif





OPS/images/crossmark.jpg
©

|





OPS/images/inline_13.gif





OPS/images/inline_14.gif





OPS/images/inline_11.gif





OPS/images/inline_45.gif
it





OPS/images/inline_12.gif





OPS/images/inline_17.gif





OPS/images/inline_15.gif





OPS/images/inline_16.gif





OPS/images/inline_50.gif
wWhbb





OPS/images/cover.jpg
& frontiers | Frontiers in Physics






OPS/images/inline_5.gif





OPS/images/inline_52.gif





OPS/images/inline_51.gif





OPS/images/inline_1.gif





OPS/images/inline_47.gif





OPS/images/inline_10.gif





OPS/images/inline_46.gif





OPS/images/inline_49.gif





OPS/images/inline_48.gif





OPS/images/inline_44.gif





OPS/images/inline_43.gif





