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Abstract Some of the most astonishing and prominent properties of Quantum Mechanics, such as entanglement and Bell nonlocality,
have only been studied extensively in dedicated low-energy laboratory setups. The feasibility of these studies in the high-energy
regime explored by particle colliders was only recently shown and has gathered the attention of the scientific community. For the
range of particles and fundamental interactions involved, particle colliders provide a novel environment where quantum information
theory can be probed, with energies exceeding by about 12 orders of magnitude those employed in dedicated laboratory setups.
Furthermore, collider detectors have inherent advantages in performing certain quantum information measurements and allow for
the reconstruction of the state of the system under consideration via quantum state tomography. Here, we elaborate on the potential,
challenges, and goals of this innovative and rapidly evolving line of research and discuss its expected impact on both quantum
information theory and high-energy physics.

1 Scientific context

Entanglement, the hallmark and one of the most perplexing aspects of Quantum Mechanics (QM) [1, 2], has been observed in a
variety of systems ranging from photon pairs to macroscopic objects [3–13]. In the presence of entanglement, the full description
of a composite system cannot be derived from the individual descriptions of its subsystems because of quantum correlations that
interconnect them. These correlations may even survive once the subsystems have been spatially separated. In the presence of these
correlations, it may also happen that the probabilities of obtaining certain outcomes from independent measurements performed on
the composing subsystems no longer follow the known factorization rule. This phenomenon, known as Bell nonlocality, is quantified
by a Bell inequality [14], which is violated in nonlocal theories. In stark contrast, this inequality is satisfied in any local realistic
theory that seeks to remedy the quirkiness of QM through the introduction of hidden variables. Bell nonlocality is central to quantum
information theory (QIT) [15], and its significance was highlighted with the 2022 Nobel Prize in Physics, awarded for experimental
tests with entangled photons that demonstrated that Bell inequalities are violated [3, 16–18].

Remarkably, until recently, quantum correlations such as entanglement and Bell nonlocality have not been extensively investigated
in the high-energy regime explored in proton collider experiments like the LHC. The possibility of conducting tests of Bell-type
correlations at colliders was first explored in Refs. [19–24], whereas, more recently, entanglement has been measured in top-
antitop-quark pair (t t̄) spin correlations by the ATLAS and the CMS collaborations at the Large Hadron Collider (LHC) [25–27].
Bell nonlocal states have also been observed in data pertaining to spin correlations in charmonium and B-meson decays [28–30].
Furthermore, Bell nonlocality has been measured in flavor oscillations of neutral B-meson pairs by the Belle collaboration [7]. In
addition, the ALICE collaboration recently measured quantum interference effect at the femtometer scale [31].
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Measuring quantum correlations at particle accelerators is challenging but possible [32–40], even though the detectors were
not originally designed for this purpose. However, the high energies involved and the fundamental nature of the collider environ-
ment provide a compelling setting for novel QIT measurements and, as a result, collider-based measurements serve as a valuable
complement to traditional QIT experiments.

The recent measurements of entanglement in t t̄ by the ATLAS and the CMS collaborations at the LHC have paved the way for
this line of studies, serving as a proof of concept for the feasibility of such measurements. Not only these are the highest-energy
ever measurements of entanglement, they are also the first ones between quarks and the first ones to probe this feature of QM by
utilizing unique fundamental particles and interactions, therefore holding great significance. It is important to note that there is a
whole hierarchy of quantum correlations that can be studied. For instance, discord is a measure of non-classical correlations that
can interconnect the components of a system even if they are not entangled; steering, instead, refers to a property of the state where
a measurement performed on one subsystem can steer the quantum state of the other [41]. In Fig. 1, the quantum correlations at the
LHC in pp → t t̄ production are shown on the left panel, and Bell nonlocality in pp → Z Z on the right panel.

The hierarchy of quantum correlations and their possible implications have not yet been studied extensively in the high-energy
regime. The collider environment carries then a unique opportunity to complete this investigation owing also to the capability of
measuring quantum correlations already with present detector technologies. For example, measurements such as quantum discord
and steering require large data samples. These are already accessible in specific processes, such as top-quark pair final states, within
the datasets already collected at the LHC and those expected in upcoming runs. In contrast, achieving comparable statistics in standard
experimental setups remain challenging. Specifically, quantum discord can be measured according to the original definition [42],
which is extremely challenging in low-energy experiments. In addition, the steering ellipsoid, which captures an important amount
of information about the system [43], can be experimentally reconstructed. Previously, this was achieved only once by using 5×104

detection events [44]. Furthermore, QM predicts a maximal value for the violation of Bell inequalities, the Cirel’son bound [45],
which could be probed at the highest available energies. Exceeding the bound would demonstrate the existence of a more fundamental
theory where nonlocal effects are stronger than in QM [15, 46, 47]. Finally, direct access to relativistic and massive particles allows
the investigation of quantum systems formed by qubits (such as fermions), and qutrits (such as massive gauge bosons), and may
also be valuable for investigating the relativistic properties of the spin operator, a fundamental yet unresolved question in QM and
in QIT itself [48–54].

Beyond the fundamental interest in testing quantum correlations at high energies, exploring these concepts could bring several
benefits to High-Energy Physics (HEP). Notably, new and promising techniques targeting physics beyond the Standard Model
(SM) have already emerged [55–60]. Additionally, QIT methods can be utilized to explore non-perturbative aspects of Quantum
Chromodynamics (QCD) [61–68]. Furthermore, this research has sparked important discussions and advancements in modeling SM
processes, for instance, concerning the production of t t̄ systems used to measure quantum correlations: exploring these concepts has
provided new insights into non-relativistic QCD effects, such as toponium formation [69–72]. Accurate modeling of these effects
is also crucial for achieving precision measurements within the SM, and without leveraging variables sensitive to the entanglement
between the spins of the top quarks, such effects would remain inaccessible given current reconstruction resolution limits. The Higgs
boson also plays a crucial role in studying quantum correlations, serving as a source of maximally entangled qubits or qutrits that can
be analyzed using QIT methods. Moreover, these studies offer additional tools for exploring Higgs couplings and CP structure. [73,
74]

Currently, exploring QIT concepts in collider processes is a highly active area of research, attracting significant attention. As a
result, a dedicated community has been forming and has been bringing together researchers from both experimental and theoretical
backgrounds. Given the rapid development of this innovative research direction and its immense potential in both the near and distant
future, this document outlines its anticipated role in shaping the future of HEP.

2 Objectives

Our proposal is to foster the development of a new research area set at the interface between QIT and HEP, with the purpose of further
establishing the related multidisciplinary study of fundamental phenomena. From the perspective of QIT, particle accelerators offer
a novel environment where the workings of the framework can be probed in a range of energies and in the presence of fundamental
interactions that are well beyond the limit of traditional QIT experiments. From the perspective of particle physics, instead, the
proposed research promises to extend the reach and improve the sensitivity of current and future searches through QIT techniques,
for instance, quantum state tomography, that can effectively be repurposed to study particle phenomena. It is also possible that the
adoption of QIT language for the treatment of particle physics problems could encourage experts from the fields of QIT and quantum
computing to work on HEP topics, thereby facilitating the transfer of knowledge between these disciplines. In particular, this aligns
well with the CERN Quantum Technology Initiative [75] and it could be pivotal for gauging the actual possibilities offered by
quantum computers within the field of fundamental research.

A meaningful first step for these activities is already offered by the available collider data, which could be scrutinized with QIT
methods not only to determine the possibility of measuring phenomena central to this discipline, such as entanglement, but also to
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Fig. 1 Left panel: Quantum discord of pp → t t̄ at the LHC as a function of the top velocity β and the production angle � in the t t̄ center-of-mass frame.
Solid red, dashed-dotted yellow, and dashed brown lines are the critical boundaries of separability, steerability, and Bell locality, respectively [41]. Right
panel: The observable I3, where I3 > 2 implies a Bell nonlocal state, for the process pp → Z Z as a function of the invariant mass and scattering angle in
the center-of-mass energy frame [40]

assess how QIT methods fare when tasked with highlighting possible deviations from SM predictions. In the following, we detail
the concrete objectives that we believe should be pursued in current and future HEP experiments.

• A fundamental study of entanglement. Within QM, the Hilbert space of multipartite quantum systems is given by the tensor
product of the Hilbert spaces describing the composing subsystems. In general, such states can involve both classical and quan-
tum correlations. If the subsystems are entangled, then the multipartite quantum system cannot be written as a simple product
of the states describing the composing subsystems. Entanglement has been studied extensively within QIT using conventional
laboratory setups, but not nearly at the same level in relativistic systems. Furthermore, the properties and the meaning of entan-
glement between more than two relativistic subsystems are not presently understood. At collider experiments, the presence of
entanglement can be made distinguishable via quantum state tomography, which allows for the full reconstruction of the quantum
state of the system under investigation. Whereas entanglement is relatively understood and well quantified for bipartite systems
comprising components of low dimensionality [76], a general characterization is presently missing. In relation to that, having
access to relativistic multipartite states is crucial to test the relativistic regime of QIT, and it could thus significantly improve our
understanding of entanglement by directly probing its nature and properties in this regime. Within HEP, this requirement translates
into the necessity of final states characterized by a large number of particles generated by a common process, achievable only
at a collider able to reach large collision energies [77]. In light of this, FCC-hh [78], a multi-TeV muon collider [79], and the
SPPC [80] seem the ideal tools to pursue this line of studies. Precision machines, such as FCC-ee [81], LEP III [82], CEPC [83],
or the proposed linear colliders instead [84–86], could be used to achieve extremely accurate tomographic measurements that
could help to highlight any deviation from the SM predictions. On a more theoretical ground, we also remark that the literature
offers several entanglement measures, monotones, and witnesses apt to investigate the phenomenon [87]. Their meaning and the
utility within particle physics is to be investigated and clarified.

• HEP for QIT. Particles are inherently quantum systems, so they can be employed as carriers of quantum information. In fact, any
feature modeled with a compact Lie group naturally yields a discrete spectrum that makes particles work as the d-level systems,
qudits, that are the building blocks of QIT. Information, here, is encoded in properties such as the spin, flavor, or symmetry
representation, and this allows us to promptly apply the formalism of QIT to particle physics. The former can then be studied
in the setup offered by HEP experiments, which gives access to a range of energies and a variety of interactions well beyond
those of traditional QIT experiments which, typically, rely on systems such as laser beams, atomic orbitals and ion traps to probe
the workings of the theory [88–90]. HEP then provides a completely new environment into which these investigations can be
extended. The study offers a new perspective on the effect that particle interactions, decays, and radiation have on entanglement
and decoherence. Likewise, properties central to QIT that require significant statistics to be determined, such as discord [42] and
the steering ellipsoid [91], could be more easily studied at collider experiments. Another quantity of high interest is magic [92]:
a measure of what allows quantum computers to outperform their classical counterparts. Additionally, particle colliders often
produce correlated states involving many particles and, therefore, offer the opportunity to test QIT with relativistic multipartite
states that are not accessible to low-energy experiments. The particle physics community has started to ascertain which processes
are more suitable for this kind of analysis at present and future colliders; however, the analysis is far from being exhaustive.
Presently, the ATLAS and CMS collaborations are forced to use unstable particles to investigate entanglement in spin correlations
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involving top quarks, bottom quarks, τ -leptons, as well as W - and Z-bosons. Likewise, similar analyses can be performed with the
LHCb detector by reconstructing the decay chains initiated, for instance, by B-mesons. Entanglement could also be investigated
at LHC experiments through the B0 B̄0, D0 D̄0, and K 0 K̄ 0 flavor oscillations, which offer a complementary probe of quantum
behavior [93]. Stable particles such as electrons, muons, and photons could, in principle, also be used for these kinds of analyses
provided that the future detector technologies are developed enough to measure their spin directly.

• QIT for HEP. Quantum state tomography at collider experiments is progressively becoming a reality that could deliver entirely
new insights in the quantum system under study, through reconstruction of the density matrix of its internal quantum degrees of
freedom. Besides allowing easy access to observables central to QIT, the density matrix itself is often the best tool to probe for
differences between theoretical predictions and the experiment. QIT offers several tools apt to compare density matrices, among
them the trace distance [94] and the fidelity [95, 96], which could be repurposed to concisely characterize new physics. Examples
that have already been investigated with QIT methods include new effects that modify only spin correlations [59], modifications
of the SM interaction vertices [73, 97–100], and additional interactions mediated by a scalar or a pseudoscalar component, used
also to probe the pp → t t̄ toponium formation [58, 69, 71]. On more general grounds, we therefore expect that the application
of QIT methods to HEP problems will foster a plethora of new techniques, complementing and possibly extending the reach of
more traditional frameworks such as SMEFT and HEFT. It is also possible that QIT techniques could help clarify aspects of the
SM and quantum field theory. For instance, the study of entanglement in spin correlations has already opened a new window to
probe off-shell effects in heavy gauge boson decays [38, 73, 101]. On top of this, we expect that the adoption of QIT methods
for the study of HEP will also encourage the development of more sophisticated tools for the characterization of particle physics
processes. Yet another QIT technique—quantum process tomography [102]—can offer unprecedented insight into the quantum
dynamics at high energies [103]. It allows us not only to compare and contrast the predictions of SM with BSM models, but also
to test the very foundations of QM, which asserts that quantum dynamics ought to be described by linear completely positive
maps [47].

3 Methodology

Currently, quantum observables are measured in colliders as spin correlations between unstable particles. When a particle decays
sufficiently quickly, its spin information is transferred to its decay products. In this way, by measuring angular distributions between
the decay products in the rest frames of the parent particles, the correlations between the original particles can be deduced, and
the full spin density matrix can be reconstructed. Such measurements require precise reconstruction of the system to accurately
characterize quantum effects. Additionally, it is beneficial to isolate regions of the phase space of the decaying particles to enhance
the quantum correlations in the measured density matrix, which often creates more challenges.

Having reconstructed the density matrix, we can study its QIT properties, such as entanglement. Oftentimes, however, quantities
can be measured more directly without needing to perform full quantum state tomography first. This is the case for entanglement,
which, near production threshold for t t̄ , is given by the angular difference between the lepton, measured in the antitop rest frame,
and the antilepton, measured in the top rest frame. From this angular distribution, the parameter D can be extracted [32] where
D < −1/3 indicates an entangled state.

Both the ATLAS and CMS collaborations have proven they are up to the task of detailed spin correlation measurements and have
measured entanglement in the top-pair final state near the production threshold [25, 26], shown in Fig. 2. The CMS collaboration
has also measured entanglement in the lepton and jets final state of the top-pair at high mtt̄ , and also the polarizations and spin
correlations of the t t̄ system [27]. This result is the tip of the iceberg in terms of QIT observables that can be measured in the near
future. Using spin correlations to perform quantum tomography, we can expect experimental tests of quantum discord [41, 104] in
top pairs and of entanglement and Bell nonlocality in τ+τ− events at the LHC [56, 105].

The potential physics applications at a future collider are also myriad. A lepton collider offers especially useful complementarity
from its large statistical sample at a fixed collision energy and its nearly vanishing backgrounds. The full knowledge of the collision
kinematics also makes final states with multiple invisible particles, like decays of τ+τ−, immediately accessible [99, 106]. Future
hadron colliders, with their higher collision energy, would produce multi-particle final states at higher rates, which would enable
the study of more complex quantum systems.

There is another method, other than using spin correlations, to reconstruct the density matrix of particle spins. Each combination of
final-state particle spins leads to a distinct differential cross section. Detailed measurements of the kinematics of particles, therefore,
reveal the polarizations and spin correlations and consequently the density matrix [107].

Flavor oscillations allow for the quantum number of flavor, rather than spin, to form the building blocks of quantum states produced
at colliders. These oscillations occur between a particle and its antiparticle. When a decay occurs, the decay products will identify
whether it was the particle or the antiparticle at the time of decay. The reconstruction of the decay products can identify whether it
was the particle or the antiparticle which decayed. Measuring this as a function of the time of the decays allows for the reconstruction
of parts of the density matrix. In particular, Belle II [108] provides a high-rate production of entangled B-meson pairs, offering
unique opportunities for entanglement studies that remain largely unexplored. Current analyses assume perfect flavor entanglement
of B-meson pairs, with potential decoherence effects from environmental interactions or new physics mostly untested [109]. A
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Fig. 2 Measurement of the entanglement marker D, where D < −1/3 indicates entanglement. Left panel: ATLAS particle-level D measurement compared
with various MC models. Error bars represent all uncertainties included. The entanglement limit shown in the low mtt̄ region is a conversion from its
parton-level value of D � −1/3 to the corresponding value at particle-level [25]. Right panel: CMS parton-level D measurement either including (black
filled point) or not including (black open point) contribution from toponium, compared to MC predictions with (solid line) or without (dashed line) the
inclusion of toponium. Inner error bars represent the statistical uncertainty, while the outer error bars represent the total uncertainty for data [26]

previous Belle study provided a quantitative test of Bell nonlocality in flavor physics [7]. Similar measurements are possible also in
the D0 D̄0 and K 0 K̄ 0 systems [13, 24, 110] and novel effects are under study [111].

The current methodology has incredible potential to reveal aspects of QIT at high energies. Advancements in accelerator and
detector technology may further enhance and catalyze the QIT capabilities of HEP experiments. Even more exciting possibilities
open up if the beams at a future collider could be polarized along any direction. This would enable a preparation of the spin state
of the colliding particles, shifting the paradigm of collider physics from observations toward experiments with tunable settings.
When combined with quantum state tomography, polarized beams would enable quantum process tomography [103], providing an
unprecedented opportunity to explore quantum dynamics at high energies [40, 112] and test the linearity of the quantum theory
itself [47].

Another technology that would greatly benefit the QIT program at future colliders would be the development of a technique to
measure the spins of stable particles directly. This would allow spins to be measured along a chosen spin axis defined by the detector
setup and bring the HEP experiments more into line with traditional low-energy experiments, where the spin quantization of stable
particles is directly measured. One emerging technology that may address this aspect is nitrogen-vacancy centers in diamond [113].

4 Readiness and expected challenges

The initial measurements conducted by the ATLAS and CMS collaborations of entanglement and the spin density matrix in final states
with top-quark pairs have highlighted key limitations that must be addressed in the coming years. Overcoming these challenges is
essential for improving the precision of such measurements and expanding their applications, both in terms of measurable quantities
and accessible final states.

A fundamental aspect of the quantum state tomography approach described in the previous section involves transforming to the
center-of-mass frame and subsequently to the rest frame of the particle of interest. This process necessitates the full reconstruction of
the final-state kinematics, which has two major implications. First, all aspects of object reconstruction, including energy calibration,
influence the measurement of angular variables that serve as inputs to quantum observables. Second, the presence of neutrinos in
the final state, which remain undetectable in multipurpose experiments, introduces a significant challenge. Their presence degrades
the resolution not only of the extracted quantum information observables but also of the kinematic variables used to define the
phase-space regions where maximal quantum correlations are expected.

In certain cases, the presence of neutrinos precludes or significantly complicates these studies to specific final states, such as
t t̄ → bb̄�+ν�−ν̄, H → τ+τ− → π+ν̄π−ν, Z → τ+τ− → π+ν̄π−ν, or H → WW ∗ → �+ν�−ν̄. An improvement in the
reconstruction of the final states including neutrinos can be achieved with advanced machine learning (ML) techniques [114]. In
addition, the well-defined initial state and the cleaner final-state characteristic of lepton colliders will mitigate these reconstruction
challenges and enable access to final states involving multiple neutrinos [74].
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Fig. 3 Left panel: Comparison between two different approaches in the showering algorithm to the simulation of top-quark pair production as a function
of the angular variable input to the entanglement witness D calculation [25]. Right Panel: Difference with respect to the SM prediction of several terms of
the spin density matrix and entanglement witnesses (�+, �−) in top-quark pair production as a function of a coupling used to parametrize the presence of
new physics in the SM vertices. The continuous line is obtained using only leading-order simulations, while the dashed line includes higher-order effects in
QCD [57]

A different direction to improve the resolution of the final-state reconstruction is to use hadronic final states, with a limited number
of neutrinos [115]. In these final states, however, additional limitations arise. The correlation between the spin of the parent particle
and the direction of its decay products depends on the flavor of the latter. While identifying final-state flavors is straightforward for
charged leptons, hadronic final states pose a significant challenge. Currently, no technology exists to efficiently tag the origin of a
light jet—whether it originates from a gluon or an up, down, or strange quark—and the existing techniques to identify jets originating
from charm quarks have limited efficiencies [116]. These limitations affect both the feasibility and the precision of measurements
involving jets in the context of quantum information observables. In this area, promising developments based on ML are emerging,
which could enhance jet flavor identification [117] on the one hand and, on the other hand, improve final-state reconstruction by
accurately matching reconstructed objects with their initial partons [118].

Another limiting factor identified in these initial measurements is the accuracy of Monte Carlo (MC) simulations, and with this,
the need to carry out an extended theoretical program to control QCD and related uncertainties. The analysis strategies employed
rely on the ability of MC simulations to accurately predict detector-level distributions of angular quantities, which serve as inputs
for the extraction of the spin density matrix. Given the sensitivity of these measurements to all aspects of reconstructed objects, it
is imperative that every step of the simulation pipeline is highly precise. This includes not only the matrix element calculations but
also parton-shower modeling and hadronization. An example of how these aspects affect the simulation in top-quark pair final states
of the angular distribution used to extract the quantum entanglement marker D is shown in Fig. 3 (left panel).

With respect to matrix element calculations, early investigations into the impact of higher-order corrections on the extraction
of the spin density matrix and related observables have demonstrated their relevance, both in the extracted quantities and their
potential to constrain new physics [57, 119, 120], as shown in Fig. 3 (right panel). However, such corrections have not yet been
investigated in most phenomenological analyses, although several MC event generators already support at least next-to-leading-
order QCD corrections to processes of interests. Further development is required to include higher-order electroweak corrections in
the MC simulations. Another related challenge that must be addressed in the coming years is the change in the intrinsic structure
of spin density matrices in the presence of higher-order corrections. Additionally, the simulation of parton-shower effects and the
corresponding matching to fixed-order predictions are undergoing continuous refinement. Assessing the impact of parton-shower
modeling on quantum information observables and contributing to its development will be a crucial aspect of future research, with
a special focus on the inclusion of exact spin correlations.

Another current issue concerns the possible study of multipartite systems [121], made accessible by multi-particle final states
at future colliders characterized by a large value of the center-of-mass energy. Besides overcoming the limitations imposed by the
lower statistics that typically affects the final states of interest, the theoretical understanding of entanglement among three or more
parties becomes much more involved than in the simple case of a bipartite system. In order to fully capitalize on the opportunities
offered by future colliders, it is therefore mandatory to further develop the fundamental understanding of relativistic multipartite
systems and of the related entanglement measures and witnesses. These activities are as crucial as the phenomenological studies
aimed to isolate the best final states for such analyses.
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A further limitation of existing measurements, which could be mitigated in the near future or at next-generation colliders, is the
lack of statistical precision. This issue is particularly pronounced for specific observables such as the steering ellipsoid [41], for final
states involving rare processes, for extensions to multi-particle final states, and for measurements probing extreme regions of phase
space at the energy frontier. The latter, for instance, is particularly relevant to testing Bell nonlocality in final states with top-quark
pairs.

As outlined in Sect. 1, the application of quantum information techniques to the study of quantum observables is evolving rapidly.
This progress includes both theoretical advancements and experimental improvements, where continuous refinements are expected
in the coming years.

5 Timeline

Several studies have already highlighted the results that can be reached in the next few years. We elaborate below on important
milestones expected to be accomplished, focusing on colliders which are currently the mainstream plan in Europe. These results are
all based on existing technology and methodologies, while new and more stringent results can be achieved with further developments.

• LHC. After the initial observations of entanglement by ATLAS and CMS, further experimental publications are expected, exploit-
ing the already large amount of data collected by the LHC experiments. Most of these publications follow current suggestions.
A few of the notable expected measurements to come include studying further quantum correlations in pp → t t̄ , and in new
systems like pp → H → VV ∗, V � Z , W± and pp → VV , among others.
In t t̄ , it is expected that further observations of entanglement, and quantities like discord, steering, and magic, will be measured
in the near future [41, 104, 122]. Furthermore, a measurement of the post-decay entanglement is possible between one of the top
quarks and the W -boson from the other top decay [123]. This is unique since it allows one to study the evolution of entanglement
after the decay of one of the particles and also allows an opportunity to measure entanglement between a fermion and a massive
boson.
Quantum correlations, and in particular Bell nonlocality, have also been explored in Higgs boson decays pp → H → VV ∗ and
pp → VV , but current estimations show that while an observation is not yet possible with current data, evidence is expected [34,
38]. Finally, it was shown that entanglement can be also measured in hadronizing systems, in particular in bb̄ production [124].
This can be of great interest for the characterization of the quark-gluon plasma, which presents a highly non-trivial spin structure
[125–129].

• HL-LHC and Belle II. The large statistics expected by the HL-LHC are extremely important to be able to observe rare phenomena.
This is true in general, but even more to measure quantum correlations, which are typically maximal in extreme parts of phase space,
or for processes with a low cross section. In particular, observing Bell nonlocal states in t t̄ is extremely challenging [130–133],
since in t t̄ it is only present after imposing extreme cuts on the invariant mass of the top-quark pairs. In the left panel of Fig. 4, an
example for the expected sensitivity of measuring Bell nonlocality in t t̄ events is shown, reaching almost 5σ with the HL-LHC
expected data.
In Higgs boson decays into two bosons, H → VV ∗, it is crucial to have more data available, given the small cross section.
Using current projections, it is likely to be able to establish evidence of Bell nonlocality in t t̄ by the end of the HL-LHC, and an
observation in H → VV ∗, as the expected statistics should allow it [101].
Within the timescale of HL-LHC, additional measurements are expected by Belle II, a next-generation flavor physics experiment
that already began collecting electron-positron collision data [108], with strong European participation [134]. The large dataset
expected to be collected will contain billions of decays of bottom mesons, charm hadrons, and τ -leptons. Belle II’s improved
capabilities, such as independent measurement of B-meson production times due to the nano-beam scheme, enable more precise
tests of flavor entanglement decoherence. Additionally, Belle II can study spin correlations in τ -lepton pairs and could confirm
Bell nonlocality [135].

• Future lepton colliders Currently, there are several projects discussing the construction of a future lepton collider. Some prominent
examples are: FCC-ee [81], LEP III [82], CEPC [83], Muon Colliders [79], ILC [84], CLIC [85], and C3 [86]. The distinctive
processes, the precise knowledge of the center-of-mass energy of the process, and the large statistics expected at lepton colliders
offer many opportunities to the field. In particular, the background for processes like e+e− → Z/γ ∗ → τ+τ− [99], e+e− →
ZH (→ τ+τ−) [74], e+e− → ZH (→ Z Z∗) [136], μ+μ− → Z Z [137], and μ+μ− → νμν̄μH (→ Z Z∗) [138] is expected to
be small and the resolution to reconstruct the whole final state is expected to be very accurate, allowing precise measurements
of quantum correlations such as entanglement, steerability, and Bell nonlocality. In the right panel of Fig. 4, an example for
the required experimental precision to measure Bell nonlocality in e+e− → t t̄ events with 5σ , as a function of the center-of-
mass energy, is shown. In the left panel of Fig. 5, the regions of phase space in which the quantum state of the system is Bell
nonlocal in e+e− → τ+τ− events, as a function of the center-of-mass energy, are shown. Another remarkable example is the
possibility of measuring, in a spin-entangled pair of particles, that the entanglement can increase after one particle decays [139].
This phenomenon has no analogue for stable particles and can be measured with t t̄ at lepton colliders with polarized beams. The
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Fig. 4 Left panel: Bell indicator B1 as a function of the luminosity in pp → t t̄ collisions at the LHC and the HL-LHC, where B1 > 0 implies that the
state is Bell nonlocal. The yellow and blue areas represent the regions for an expected statistical significance of 2σ and 5σ , respectively [130]. Right panel:
minimum experimental accuracy estimated to measure Bell nonlocality at 5σ in e+e− → t t̄ collisions, as a function of the top velocity squared β2 and the
production angle θ in the t t̄ center-of-mass frame [106]

Fig. 5 Left panel: Analytic solution for Bell nonlocality in the parton-level process e+e− → τ+τ−. The presence of Bell nonlocality is signaled by m12 > 1.
Right panel: Tests of χ2 in e+e− events for the form factor FV

2 (m2
Z ), acting as anomalous coupling of the τ -leptons to the Z-boson, using the cross section

(blue) and entanglement marker (red), show that the latter provides more stringent limits. Both plots are from Ref. [99]

increased precision that will be reached on QIT-related measurements at lepton colliders implies also an enlarged sensitivity to
investigate new physics effects [140], and an example is shown in the right panel of Fig. 5.
Finally, we note that with current detector setups, we can reconstruct the quantum state of the measured system. Nevertheless,
in order to perform genuine Bell tests, measuring the spin of individual particles provides invaluable assistance. It is likely to
expect that detectors which can accomplish this will be developed in the timescale of future lepton colliders. This development
can also contribute to a deeper investigation of the correct definition of a well-behaved relativistic spin operator, a fundamental
yet unresolved question in QM [48–53]. Furthermore, the option to polarize the beams in lepton colliders would open up the
possibility of new foundational tests of QM [47, 103].

• Future hadron colliders. So far, most of the theoretical studies focused on bipartite systems. One of the main reasons for this is
that at the LHC, and at future lepton colliders, the cross section for the production of more than two heavy particles that decay
quickly enough to propagate their spin information to their decays products, is small. Nevertheless, in new machines targeting a
center-of-mass energy of the order of a hundred TeV, such as FCC-hh [78] or SPPC [80], these processes will be more abundantly
produced. This presents an opportunity to study entanglement in multi-particle systems, a challenging but also very interesting
possibility [77, 141]. However, more work on the theory side is required in order to better understand and measure relativistic
multi-particle quantum correlations.

123



  855 Page 10 of 14 Eur. Phys. J. Plus         (2025) 140:855 

6 Conclusion

The observation of entanglement and studies of other quantum correlations in collider experiments mark a significant step toward
integrating QIT with HEP. While initial studies at the LHC have demonstrated the feasibility of such measurements, they have
also highlighted key challenges, including the need for improved event reconstruction, more precise Monte Carlo simulations, a
reduction of systematic uncertainties and larger datasets. Addressing these issues will be crucial for refining our ability to extract
quantum observables and for expanding the range of processes where quantum effects can be explored.

Future collider experiments will offer new opportunities to probe entanglement, Bell nonlocality, and other quantum phenomena
with greater precision. The increased luminosity at the HL-LHC is expected to enable the first measurement of Bell nonlocality
in top-pair production and potentially also in Higgs decays. Meanwhile, lepton colliders would allow for unprecedented tests of
quantum correlations in electroweak processes, such as e+e− → τ+τ− and Higgs production, benefiting from precise control over
initial-state conditions and reduced backgrounds. These facilities will also offer a unique opportunity to explore new physics beyond
the Standard Model, as quantum information techniques could help identify subtle signals of new particles or interactions.

Looking further ahead, reaching center-of-mass energies of dozens of TeV in future hadron colliders will provide a unique
environment to study multipartite entanglement in high-energy collisions, where the production of multiple heavy particles will
become more frequent. This will allow for systematic studies of entanglement in complex final states, which could reveal new
patterns of quantum correlations. Additionally, future colliders will enhance our sensitivity to new physics by probing quantum
observables in regions of phase space previously inaccessible. By pushing the boundaries of both experimental techniques and
theoretical models, future studies will deepen our understanding of QIT in HEP and provide new avenues for exploring the Standard
Model and beyond.
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