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Introduction



Entanglement in Quantum Mechanics

« “Entanglement” in QM it is possible to prepare a system of 2 (or more) quantum states
(a and b) with properties that cannot be described separately.
« For a pure system described by two vectors in the complex Hilbert space H, & H,:
IF |y >= (ly, > ® |y, >) > Separable
IF NOT == Entangled

« Example of non-separable (Entangled) is a spin-singlet of two spin %2 particles a and b
(this is one of the 4 Bell's state):

Y >= — (| T,>|L,>—|L,>]|1,>) (1 /1 spinup or down relative to arbitrary direction n)
V2

 The existence entangled states is one of the most striking feature of QM and at the
origin of a longstanding debate on “local realism” violation and Local Hidden Variable

Theories: is QM incomplete?




Entanglement and other quantum correlaitons in QM

For non pure (mixed==statistical combination of pure states) systems one must use the density matrix
formalisms:

« p=3;plY;><y;| (p;probability to be in the pure state j)

Spin-Correlation
. The expectation value of an observable O over that state is: <O> = Tr(Op)

«  Definition of entanglement (non separable state):

- IFp#X;p p?®pP > aandb are entangled

Non-separability

g-bits

* One can apply certain criteria to p to test its separability (e.g., Peres-Horodeki)

» Based on the structure of the density matrix, one can define a different level of Q-correlations that can be
experimentally tested/measured

* They are defined within QM and (hence they can be present in the SM)



A successful story



The ttbar system at the LHC

« Top pairs can be produced close to threshold in a spin-singlet state (mixed with other states)
« Top lifetime is shorter than hadronization time (decay before forming hadrons)

 Top decay t->Wb-> ¢vb allow reconstructing the top anti-top spin correlations via the charged
lepton momenta (maximal spin analyzing power thanks to V-A \W-fermion interaction)
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«  We can define the “entanglement witness” D = -3 <cos(¢)>

Entanglement

 The top pair are entangled (NOT separable) IF D<-1/3
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http://arxiv.org/pdf/2003.02280

Observation of entanglement at LHC
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In 2024 both ATLAS and CMS observed entanglement in ttbar at threshold
Observed D smaller than baseline ttbar models? Missing NRQCD effects?
More details in the nice talks from Otto Hindrichs and Fiona Jolly given on Tuesday
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Observation “"quasi-bound ttbar state” at the LHC
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In 2025 CMS and ATLAS reported an excess of “pseudo-scalar” events
close to threshold that can be interpreted as a missing NRQCD effect
that includes “pseudo-bound ttbar state” (see Fuks et al.): thought to be

too elusive to be observed at the LHC
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https://arxiv.org/abs/2411.18962
http://dx.doi.org/10.1088/1361-6633/adf7d3
https://arxiv.org/abs/2601.11780

Lesson to be learnt

* Looking at a specific observable designed to be
sensitive to the level of quantum correlations among
top-quarks triggered further studies that showed
missing (SM) NRQCD effects in the current modeling
the presence of “pseudo-bound states” (at least this is
the most probable interpretation)

« Same analysis also used to search for potential BSM
effects, for example CMS studied the possible
presence of a CP-even ttbar resonance y; that has
different properties relative to NRQCD - no signal
found (side remark: 3o excess in search for H/A-> ttbar
with similar variables already reported by CMS in 2020
JHEP 04 (2020) 171)
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Opportunities



Opportunities

« Atthe LHC we can produce (accordingly to SM) pair of particles with specific quantum correlations

« Some examples:

H - vy (spin singlet = max. entangled) - It would be great |IF we could measure photon polarizations
H = 11 (spin singlet) and Z = 11 (spin triplet) = Can reconstruct tau polarization from decay kinem.
t-tbar production in some kinematic regimes (threshold and high p+) spin singlet and triplet

WW and ZZ in some kinematic regimes (g-trits)

BO - BO-bar pairs (flavor entangled) ...

« LHC has distinctive features: can exploit the V-A nature of weak decay (large spin analyzing power),
can study “virtual” systems (H > ZZ* - 4l)

» This gives the opportunity to study QI observables on NEW systems (massive fermions, massive
vector bosons, ...) and at higher energies than previous experiments

* We can compare measurements with SM predictions in an uncharted domain
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Assumptions
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Assumptions

« At the LHC we measure final-state particles momenta, and we can identify some of them
(leptons, photons, charged hadrons, jet flavor, ...): we need assumptions to extract the
guantum correlation observables

 In general, we rely on the SM to link measured (differential) cross-sections to QI
observables related to decaying particles spin

« We can use quantum tomography (arxiv.:2003.02280) to reconstruct (on a statistical basis)
the spin density matrix from kinematic quantities

* Quantum tomography relies on the the spin analyzing power: o (computable in SM) to
quantify the relation between measured kinematic distribution (6') and decay particle
polarization (P'")

1 do

i i
— Joos 0 < l+a- P -cosé@

 + basic conservation laws (angular momentum, momentum, energy, charge, ...)

14



https://arxiv.org/abs/2003.02280

Assumptions |

... when reconstructing spin density matrix at LHC

We assume the SM description of the decay (chiral structure of weak decays)

We assume that the decayed particles have spin-1/2 or 1
In some cases, we also have additional assumptions on the "preparation of the states”, e.g. in the

ATLAS H>ZZ*-> 4l analysis the Higgs boson is assumed to be a CP-even spin-0 boson (as
predicted by the SM)

Even when testing BSM models, they are usually defined within QM (SM extensions)

In summary, at the LHC we work within a QM framework (SM) to define quantum observables

In general, what we call here assumptions are based on a theory that has been deeply experimentally
tested (we consider legitimate to assume part of the theory to test other aspects)

15
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Limitations: Bell’s tests and LHVTs

« One can define (set of) observables that must obey certain inequalities in ANY LHVT
while QM is expected to violate them:

« Definitive test to disentangle the two kind of theories
« LHC Experimental setup was not optimized/designed for Bell's tests
« As discussed before, we rely on the SM to link LHC measurements to Ql observables
 We are also subject to important “caveats” (that can invalidate the test):

« Locality: though we can select some final states that are space-like separated

- Efficiency: we only measure a small fraction of the "prepared” sets (fair sampling)

« Freedom-of-choice (or Active choice): we do not decide actively which “observable” to
measure on the 2 sub-systems in each event (e.g., relative direction of the two spins)

Not clear how to perform “proper” Bell's test but should this be our main goal and is what we
measure uninteresting?

| do not think so

17
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Criticisms

After ATLAS and CMS publications on ttbar entanglement, several papers criticized the possibility to
measure/observe “Entanglement” at the LHC

Can quantum mechanics be assumed in the measurement of entanglement observables?
Entanglement is an inherently quantum mechanical concept, and it is defined in terms of a
gquantum mechanical formalism (via the density matrix). Entanglement is the non-separability of
the quantum state of two (or more) subsystems. It makes sense to test for entanglement within a
quantum theory. In analogy, we always use some SM aspects to test some others

It is not specified what a scenario without entanglement is: When establishing the
significance of an entanglement witness, the alternative hypothesis is defined as the possibility of
describing the system as a separable state within QM, which is the standard way of doing so in
quantum information. This is formally defined using the density matrix of the system

It is always possible to construct a LHVT that reproduces the expectation values of any
given observable that is a function of momenta only since they commute: such a criticism is
only relevant when trying to address “local realism” (LHVTs) and NOT when measuring QI
observables defined within QM

19




Conclusions

20



Conclusions

« The LHC offers great opportunities to measure Q| observables in an uncharted
landscape: new particles, high-energy regime, ...

« We can for sure define and measure QI observables within QM (and within SM)
and it is important to clearly state the assumptions used to infer them

« Important caveats should be addressed (is it possible?) if we want to address
“local realism” (we can test some specific LHVTs but not exclude all of them)
iIn my opinion this should not be the (main) goal of our measurements

« Measuring this class of observables provides a complementary approach to test
the SM and is also interesting for the QI community

« |tis important to make as complete as possible our QI measurements - not just
focusing on threshold crossing approach — to be able to fully exploit the
sensitivity BMS physics and leave room to “reinterpretations”

21
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And special thank for the extremely useful discussions to:

Juan Antonio Aguilar-Saavedra, Claude Duhr, Fabio Maltoni, Juan Ramon Munoz
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