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Basic question: 
why?



Why?

Quantum mechanics is a fundamental pillar of modern physics!
We have to test QM at all times!

In quantum information jargon, entanglement is usually studied for:

qubits: systems with 2 possible states. 

qutrits: idem, with 3 states.

…
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Example: spin of top quarks, tau leptons 

Example: spin of W, Z bosons

All the tests, formalism, etc. developed there can be applied to spins of 
particles produced at LHC and other colliders



Why?

LHC offers a variety of processes to test QM at the energy frontier.

Top pair production

Higgs decays H → WW

Higgs decays H → ZZ

Electroweak production

VBF

Other
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Why?

Entanglement measurements are quite demanding, and provide a stress test 
of our current understanding of

Example: ATLAS entanglement measurement in top pair production
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theoretical modeling

experimental systematic uncertainties

ATLAS Preliminary  
√s = 13 TeV, 140 fb-1

[ ]6.1σ
3.6σ

Even if ATLAS does not make 
such claim, everybody can see 
that predictions and 
measurement are quite off

and digitise the plot



Why?

Novel entanglement tests that were not possible before.

What is genuinely new in particle physics with respect to experiments 
with electrons and photons? Particle decay.

Post-decay entanglement:

Entanglement and post-selection:
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A and B entangled
A → A1 A2

A1, A2 and B entangled
A1 and B entangled

JAAS  2307.06991
JAAS, Casas 2401.06854

JAAS 2401.10988

JAAS  2308.07412

A and B entangled
A → A1 A2

Measurement on B

≍ spin selection on A,
which already has decayed

tim
e



Why?

It is a new topic that gets headlines and publicity
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So, what is to 
be looked for?



What?

There are many levels of quantum correlations
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Captured from Yoav Afik talks

Spin correlation: statistical correlation 
between spins, classical

Discord: quantum correlations yet in 
separable states

Entanglement: subsystems are not 
separable

Steering: measurement in one 
subsystem influences the other

Bell non-locality: correlation cannot 
be described by local hidden variables

more 
stringent 

tests



What?

Example: top pair production

qL qL-bar → t t-bar at threshold gives a spin configuration                    
that is obviously separable                  

qR qR-bar → t t-bar at threshold gives a spin configuration                  
that is separable too 

g g → t t-bar at threshold gives

This one is entangled 
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[in the q direction]

[in the q direction]

q q-bar → t t-bar gives 50% of each [density operator], separable.

We do have a classical spin correlation

[actually, it is maximally entangled, violates Bell inequalities, etc.]

The mathematical formulation for e.g. entanglement in mixed states are complicated, so 
I skip it. If curious, see backup.



OK, but how?



How?

If we want to study quantum information stuff with the spin of elementary 
particles, we have to measure it. All of it!                density operator 

As we all know, top quarks, W/Z bosons, … even τ leptons decay before 
one can pass them through a Stern-Gerlach experiment to measure spin.

But: the spin leaves its imprint in angular distributions.
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How?

Top pair: two spin-1/2 particles, simplest example of quantum correlation
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3 coefficients 
corresponding to top 

polarisation

9 spin 
correlations

normalisation
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How?

For two qubits [e.g. spin-1/2 fermions] sufficient entanglement conditions are

And Bell-like inequalities are violated if

For H → VV [spin 1, extra symmetry] sufficient entanglement conditions are

And [optimised] sufficient condition for violation of Bell-like inequalities

For different dimensions, fall back into Peres-Horodecki criterion [backup]

14

<latexit sha1_base64="XQHN2Y8JrB77HHZa8CK23kxLQOw="></latexit>

|C11 + C22| > 1 + C33
<latexit sha1_base64="xqCwX9BfJlg0+R+WDmoaFtoeMaY=">AAACFHicdVA9SwNBEN2L3/EramkzGAQbj93EU9OEgI2lglEhCWFvs0mW7H2wuyeE81p/gr/CVis7sbW38L+4iRE06KvezHvDzDw/lkIbjN+d3Mzs3PzC4lJ+eWV1bb2wsXmpo0QxXmeRjNS1TzWXIuR1I4zk17HiNPAlv/IHJyP96oYrLaLwwgxj3gpoLxRdwaixrXYBbk/aKSEZ7IMlpVIGt1AF8lWWyxm0C0XsYq/iEQzY9TCplEekUjk+8DwgLh6jiCY4axc+mp2IJQEPDZNU6wbBrZQqI5jkWb6ZaB5TNqA93rA0pAHXrXT8Rwa73UiB6XMY1z+9KQ20Hga+9QTU9PW0Nmr+qfl+JDtTa033uJWKME4MD5mdslo3kWAiGCUEHaE4M3JoCWVK2MOB9amizNgc8zaP76fhf3JZcsmhS84PirXqJJlFtI120B4i6AjV0Ck6Q3XE0B16QI/oybl3np0X5/XLmnMmM1voF5y3T2Bzm4c=</latexit>

|C11 � C22| > 1� C33or

<latexit sha1_base64="uZoDRGlYKuRepbT/IKD6sZ1DCGs="></latexit>

|Cii + Cjj | >
p
2

<latexit sha1_base64="f/seoaCDcqEMTc9ANKUYE+EyKUk="></latexit>

|Cii � Cjj | >
p
2or

<latexit sha1_base64="usURE9472vrnPZndbYzTNtdcKLs=">AAACBHicdVC7TgMxEPSFVwivA0oaiwiJhpMdckAaFCkNZZDIQyJR5HM2xML3wPYhRae0fAUtVHSIlv+g4F9wQpAAwVSzO7Pa3QkSKbQh5M3Jzc0vLC7llwsrq2vrG+7mVlPHqeLQ4LGMVTtgGqSIoGGEkdBOFLAwkNAKrmsTvXULSos4ujCjBLohu4rEQHBmbKvnurVeVqKlAzrGnQhuMOm5ReIRv+JTgonnE1o5nJBK5aTs+5h6ZIoimqHec987/ZinIUSGS6b1JSXdjCkjuIRxoZNqSBi/ZldwaWnEQtDdbHr3GO8NYoXNEPC0/u7NWKj1KAysJ2RmqH9rk+afWhDEsv9rrRmcdDMRJamBiNspqw1SiU2MJ4ngvlDAjRxZwrgS9nDMh0wxbmxuBZvH19P4f9IsefTIo+flYvV0lkwe7aBdtI8oOkZVdIbqqIE4ukX36AE9OnfOk/PsvHxac85sZhv9gPP6ATWZlsk=</latexit>

C212�1 6= 0
<latexit sha1_base64="0ILZZwjH2VX1fAXhZ698lym8Ouc=">AAACBHicdVA9SwNBEN2LXzF+nVraLAbBxmPvzKlpJGBjqWA0kBxhbzMxi3sf7u4J4Ujrr7DVyk5s/R8W/hf3YgQN+qo3894wMy9MBVeakHerNDM7N79QXqwsLa+srtnrG5cqySSDJktEIlshVSB4DE3NtYBWKoFGoYCr8Oak0K/uQCqexBd6mEIQ0euY9zmj2rS6tn3SzT3P2/NGuBPDLSZdu0oc4td9l2Di+MSt7xekXj+q+T52HTJGFU1w1rU/Or2EZRHEmgmqVNslQU6l5kzAqNLJFKSU3dBraBsa0whUkI/vHuGdfiKxHgAe1z+9OY2UGkah8URUD9S0VjT/1MIwEb2ptbp/FOQ8TjMNMTNTRutnAusEF4ngHpfAtBgaQpnk5nDMBlRSpk1uFZPH99P4f3LpOe6B457Xqo3jSTJltIW20S5y0SFqoFN0hpqIoTv0gB7Rk3VvPVsv1uuXtWRNZjbRL1hvnzjKlss=</latexit>

C222�2 6= 0or

<latexit sha1_base64="pffQWSd5deURupm9pT+YqA2ySbM="></latexit>

I3 =
1

36

h
(18 + 16

p
3)�

p
2(9� 8

p
3)A1

20 � 8(3 + 2
p
3)C212�1 + 6C222�2

i
> 2

JAAS, Bernal, Casas, Moreno 2209.13441

Afik, Nova 2003.02280
Maltoni et al. 2110.10112
JAAS , Casas 2205.00542

Maltoni et al. 2110.10112
JAAS , Casas 2205.00542

JAAS, Bernal, Casas, Moreno 2209.13441



How?
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To take away:

You need to measure elements of spin density operator of 

composite system

The spin can be accessed through distributions of decay 

products 

But for that you need to reconstruct rest frame, leaving 

only top, W and Z as candidates at LHC

For τ leptons it is possible too, at e+e− colliders

Orbital angular momentum cannot directly be accessed 

but this is another story… JAAS  2402.14725



Current status



Current status

ATLAS has performed [and CMS is pursuing] a measurement at threshold 
using the D observable, related to the angle between the two leptons
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Entanglement test near threshold: −3D −1 > 0



Current status

Testing basic properties of quantum mechanics with different particles, and 
higher energies, is very nice.

But as I have stressed, there are some tests that can be performed at 
colliders that cannot be [and have not been] done anywhere else: 
entanglement and decay.
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Novel tests: 
decay and 

entanglement



Deconstructing particle decay

Example: top quark decay t → Wb
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The measurement of momenta influences the spin state but in general it 
does not collapse it as a Stern-Gerlach experiment would do.
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A post-selection experiment

Fermion pairs fA fB produced in an entangled state, say 

fB decays and after that, we perform a Stern-Gerlach experiment on fA

We select the subset of fB for which the result of the SG experiment on fA 
gives 

Then, the decay distribution of those fB that had decayed before the outcome 
of the SG experiment corresponds to having spin 

Magic? Spooky EPR action to the past? Not really. It is due to the projection.
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A post-selection experiment

The initial state is                             and if we do a SG on fA before fB 

decays, we get up or down with equal probability.

The decay of fB projects fA into a state                         with a+, a- 
depending on the decay configuration. The probability to have SG up or 
down is not the same.

Because of this projection, if we post-select events where SG gives     , we 
recover fB decay distributions just as if fB had spin      when it decayed.

This is a genuine entanglement effect. We can set our SG in any direction 
and even violate Bell inequalities.
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A post-selection experiment

This experiment can be performed with low-energy μ+μ− pairs produced in 
Drell-Yan or from the decay of a η meson

The muon polarisation can be measured from the daughter electron
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Related: neutral kaon post-tag [Bernabéu, di Domenico 1912.04798] but the correlation 
presented [# decays vs time] does not seem a genuine quantum correlation in my 
opinion [the discussion is complicated]

this distribution 
corresponds to μ+ ↑

this distribution 
corresponds to μ+↓



Post-decay entanglement: formalism

Consider a system of two particles A, B, with spin state described by

Let A decay A → A1 A2 … with amplitudes

Then, the spin state of A1 A2 … and B is described by
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Entanglement between A and B is inherited by the decay products of A

H are the spin spaces
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Entanglement autodistillation

Entanglement decreases by measurements [collapse], interaction with 
environment [decoherence] …

Methods are known [distillation] to manipulate a sub-system and, if lucky, 
increase entanglement 

Most remarkably, the decay can increase entanglement spontaneously.
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polar angle between W 
momentum  in top rest 

frame and  top direction in 
c.m. frame

Unique effect that requires 
large luminosity to be 
observed

e+e− → t t-bar



Post-decay entanglement at LHC

Post-decay entanglement can be measured in top pair production at LHC

When t t-bar are entangled and t-bar decays into W− b-bar,
t is entangled with the W− b-bar pair

Potential problem:

When we have several entangled particles and trace over [unobserved] 
degrees of freedom, entanglement may be lost.

Sufficient condition for entanglement: [...finally I had to name it 😖]

The operator ρΤ2 where the transpose is taken in the W spin sub-space, has 
a negative eigenvalue.
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b-bar has RH helicity up to small mass effects, 
trace maintains entanglement

Peres, quant-ph/9604005
Horodecki, quant-ph/9703004



Post-decay entanglement at LHC

Threshold region mtt ≤ 390 GeV, β≤ 0.9, beamline basis z = (0,0,1)

θ 👉 angle between W− momentum in t-bar rest frame and z axis or any 
fixed axis

27

N(ρ)

θ = 0 0.13

cos θ > 0.9 0.12

cos θ > 0.5 0.10

cos θ > 0 0.07

all θ 0

The amount of 
entanglement is the same 
in any direction but the 
quantum state is not, so 
integration washes out 
entanglement

entanglement 
measure



Post-decay entanglement at LHC

Entanglement indicator: 
lowest eigenvalue λ1 of the ρΤ2 matrix for tW
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λ1 < 0 ⇔ Entanglement

Bias: even if λ1 > 0, in a small 
sample we may find it negative

Run 2 Significance 
 [stat + 10% sys + bias]

Threshold 7.0 σ

Boosted 5.0 σ



Novel tests: decay and entanglement
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To take away

Particle decay and subsequent momenta projection is 

a very special kind of “measurement”

Unique QM effects: 

post-selection

autodistillation

Post-decay entanglement never tested, test is possible 

at LHC with current data



End



Why?

Q: Should we see any breaking of QM at the LHC?

A: it is not clear that we should see any effect at LHC even if QM has to be 
corrected (e.g. with non-linear terms)

… and it remains to be shown that effects should precisely be seen in 
entanglement measurements!
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low energies:
precision ~ 10-10 (?)

top, Higgs:
precision ≳ 10-2

effects must be 
mass-dependent to 

be observable



Why?

Looking for new physics

Yes, but only if we use dedicated observables.

Example: ATLAS and CMS measured spin-correlation coefficients Ckk, Crr, 
Cnn in t t-bar production.

If we consider entanglement observables [explanations later]

and measure them indirectly from Ckk, Crr, Cnn, it is unlikely to have any 
sensitivity gain.

The way to improve sensitivity is to consider observables that directly 
measure D and D3 from distributions.
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Ckk + Crr + Cnn ⌘ 3D

Ckk + Crr � Cnn ⌘ 3D3

[an observable for D is known since long]



Why?

Entanglement observables involve spin correlations, which are sensitive to 
new physics.

Spin correlations are measured with angular distributions, with a relation 
that may be modified by new physics
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we can parameterise deviations from SM in terms of dim-6 
operators, which provide a definite framework for comparisons

we can also introduce dim-6 operators for the decay of top, W, Z, 
but typically there are better ways to constrain them

EFT is not a model. When evaluating sensitivity, one should 
beware flat directions, which may be natural in actual models



Why?

t t-bar example: top chromomagnetic dipole operator
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Severi, Vryonidou, 2210.09330

this is essentially 
the old good D

this is a new 
observable
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Cii ± Cjj ???

Dependence on c is the first step.

Important missing piece: expected 
experimental error bars for these 
quantities



Why?

t t-bar example: some four-fermion operators
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Polarisation seems to outperform the rest of observables [note that experimental 
uncertainties are likely smaller] but this statement is basis-dependent (!)

polarisation in 
helicity direction



H → ZZ example: test anomalous HZZ interaction

Why?
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Fabbrichesi et al. 2304.02403

entanglement 
witness

nothing to do with 
entanglement

parameters of ZZ 
density matrix

Why not using ZZ density matrix 
elements instead ofx C2?

Why use Codd and not dedicated 
triple-product observables?

Same applies to EW diboson 
production Aoude et al. 2307.09675



Why?

Remember the ΔΦ anomaly in top pair production
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lab-frame azimuthal 
angle between leptons
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Parton level full phase space Parton level fiducial Behring et al. 1901.05407

better agreement

New physics explanations break Δη and σ, see here and here

https://indico.cern.ch/event/746611/contributions/3202867/attachments/1754693/2845164/JAAS.pdf
https://indico.cern.ch/event/843509/contributions/3625969/attachments/1944289/3226098/JAASv2.pdf


What?

Any operator cannot be a density operator. A valid density operator has 
several characteristics:

Unit trace

Hermitian

Positive semidefinite: eigenvalues ≥ 0

A density operator describing a composite system is separable if it can be 
written as

Note: in general, one has something like
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What?

Necessary criterion for separability:

taking the transpose in subspace of B [for example] the resulting density 
operator is valid.

Example: composite system A ⊗ B with dim HA = n, dim HB = m
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Peres, quant-ph/9604005
Horodecki, quant-ph/9703004

Not easily tractable!
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(Pij)
kl = pklij

(n∗m) × (n∗m) matrix 



What?

To take away:

It is quite complicated to prove [analytically] that a composite system is in 
a separable state.

Numerically, it can be done but there may be a bias [see later]

However, we are interested in showing that the system is entangled.

To prove that, in some systems there are simple sufficient conditions 
that do the work
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ρΤ2 non-positive ⇒ ρΤ2 not valid ⇒ system entangled

Showing this for a single  
vector is enough

simple 
conditions



What?

A useful formulation of Bell-like inequalities for spin-1/2 systems is 
provided by the so-called CHSH inequalities for two systems A (Alice) and 
B (Bob).

Alice measures two spin observables A, A´. Bob measures two spin 
observables B, B´. [Both normalised to unity]. Then, clasically:
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Clauser, Horne, Shimony, Holt, ‘69

One can show violation of CHSH inequalities if one 
finds spin observables A, A´ for Alice and B, B´ for 

Bob such that the inequality is violated.

in a given 
quantum state!
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|hABi � hAB0i+ hA0Bi+ hA0B0i|  2

these are spin correlation observables!



What?

The CHSH inequalities involve spin correlations. Therefore, for a particle of 
spin 1/2, they involve the Cij spin-correlation coefficients [already measured for 

top pair production]

It can be shown that the maximum of the l.h.s. 

is given by 

where λ1 and λ2 are the two largest eigenvalues of the positive definite 
matrix CTC
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|hABi � hAB0i+ hA0Bi+ hA0B0i|

<latexit sha1_base64="YblrFWY2SLEzJPni5ihweBmL8UE=">AAACAXicbZDLSgMxFIbP1Futt1GXggSLIAhlpoi6koIblxXsBdphyKRpG5q5mJwRytCVvoyuRN35Cr6Ab2NaK2jrWX05/38g/x8kUmh0nE8rt7C4tLySXy2srW9sbtnbO3Udp4rxGotlrJoB1VyKiNdQoOTNRHEaBpI3gsHlWG/ccaVFHN3gMOFeSHuR6ApG0ax8e79M2vpWYdaW5qhDfZcckx8uj3y76JScyZB5cKdQhOlUffuj3YlZGvIImaRat1wnQS+jCgWTfFRop5onlA1oj7cMRjTk2ssmOUbksBsrgn1OJu/f3oyGWg/DwHhCin09q42X/2mtFLvnXiaiJEUeMWMxWjeVBGMyroN0hOIM5dAAZUqYXxLWp4oyNKUVTHx3Nuw81Msl97TkXp8UKxfTIvKwBwdwBC6cQQWuoAo1YPAAT/AKb9a99Wg9Wy/f1pw1vdmFP2O9fwEHjZXk</latexit>

2
p

�1 + �2

Horodecki, Horodecki, Horodecki, ‘ 95



What?

Simpler but equally effective: Take judicious choice of [non-commuting] spin 
observables
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<latexit sha1_base64="Q2WVceYLO6LWVlR00CSfi5IFM7I=">AAACPXicbZDLTgIxFIY7eEO8oS7dNBKDiZHMGKOuDOLGJSZyiQwhnXKAhs4lbceEDDybPoAv4APoyqg7txaYKAJn9fX//ybn/E7AmVSm+WIkFhaXlleSq6m19Y3NrfT2Tln6oaBQoj73RdUhEjjzoKSY4lANBBDX4VBxutdDv/IAQjLfu1O9AOouaXusxShRWmqk7/vY5sRrc8BXBWyLMR5PiNlf9ehPzRbmqngi3W+kM2bOHA2eBSuGDIqn2Eg/202fhi54inIiZc0yA1WPiFCMchik7FBCQGiXtKGm0SMuyHo06mCAD1q+wKoDePSezEbElbLnOjrjEtWR095QnOfVQtW6qEfMC0IFHtUR7bVCjpWPh1XiJhNAFe9pIFQwvSWmHSIIVbrwlD7fmj52FsonOessZ92eZvKXcRFJtIf20SGy0DnKoxtURCVE0RN6Q5/oy3g0Xo1342McTRjxn130b4zvH7ICqpk=</latexit>

|hABi � hAB0i+ hA0Bi+ hA0B0i|

<latexit sha1_base64="3Rnnbwci9iBD//8rMUKkjabPgaQ=">AAAB9HicdZDLSgMxGIUz9VbrbapLN8EiCMKQ0Y52NlLoxmUFe4G2lEyaadNmLiSZSpn2TXQl6s4n8QV8G9NaQUXP6st/TuD/jxdzJhVC70ZmZXVtfSO7mdva3tndM/P7dRklgtAaiXgkmh6WlLOQ1hRTnDZjQXHgcdrwRpW53xhTIVkU3qpJTDsB7ofMZwQrPeqa+WmlmzI2g6dQw3A4m3bNArKQ4zo2gshykO2ez8F1S0XHgbaFFiqApapd863di0gS0FARjqVs2ShWnRQLxQins1w7kTTGZIT7tKUxxAGVnXSx+gwe+5GAakDh4v09m+JAykng6UyA1UD+9ubDv7xWovxSJ2VhnCgaEh3Rnp9wqCI4bwD2mKBE8YkGTATTW0IywAITpXvK6fO/boT/Q/3Msi8s+6ZYKF8ti8iCQ3AEToANLkEZXIMqqAEC7sADeAYvxti4Nx6Np89oxlj+OQA/ZLx+AN3YkXc=</latexit>

|Cii + Cjj |

<latexit sha1_base64="Do6qpI6gJE5CzSD8PIn7dHpvya0=">AAAB9HicdZDLTgIxGIU7eEO8Dbp000hM3DjpKKPMxpCwcYmJXBIgpFM6UOhc0nYwZOBNdGXUnU/iC/g2FsREjZ7V1/+cJv9/vJgzqRB6NzIrq2vrG9nN3Nb2zu6emd+vyygRhNZIxCPR9LCknIW0ppjitBkLigOP04Y3qsz9xpgKyaLwVk1i2glwP2Q+I1jpUdfMTyvdlLEZPIUahsPZtGsWkIUc17ERRJaDbPd8Dq5bKjoOtC20UAEsVe2ab+1eRJKAhopwLGXLRrHqpFgoRjid5dqJpDEmI9ynLY0hDqjspIvVZ/DYjwRUAwoX7+/ZFAdSTgJPZwKsBvK3Nx/+5bUS5Zc6KQvjRNGQ6Ij2/IRDFcF5A7DHBCWKTzRgIpjeEpIBFpgo3VNOn/91I/wf6meWfWHZN8VC+WpZRBYcgiNwAmxwCcrgGlRBDRBwBx7AM3gxxsa98Wg8fUYzxvLPAfgh4/UD4OSReQ==</latexit>

|Cii � Cjj |

<latexit sha1_base64="Ymh6E9W9FMoc79lE1YAWiHClGcI=">AAACFXicbZA7T8MwFIWd8irhFWBksah4TFVSIWBCRSyMRdCH1ESR4zqtqRNHtgOqov4O+DMwIWBAYubf4JQM0HKn4/sdS/ecIGFUKtv+Mkpz8wuLS+Vlc2V1bX3D2txqSZ4KTJqYMy46AZKE0Zg0FVWMdBJBUBQw0g6GFzlv3xEhKY9v1CghXoT6MQ0pRkqvfKu2D8+hK2h/oJAQ/B7W4LVPIXRdU5ODGXQLTd+q2FV7MnBWOIWogGIavvXh9jhOIxIrzJCUXcdOlJchoShmZGy6qSQJwkPUJ10tYxQR6WWTbGO4F3IB1YDAyfu3N0ORlKMo0J4IqYGcZvnyP9ZNVXjqZTROUkVirC2ahSmDisO8ItijgmDFRlogLKi+EuIBEggrXWQe35kOOytatapzXHWujir1s6KIMtgBu+AQOOAE1MElaIAmwOARPIM38G48GE/Gi/H6Yy0ZxZ9t8GeMz2+dSps8</latexit>

A ! 2Si

A0 ! 2Sj

<latexit sha1_base64="Ymh6E9W9FMoc79lE1YAWiHClGcI=">AAACFXicbZA7T8MwFIWd8irhFWBksah4TFVSIWBCRSyMRdCH1ESR4zqtqRNHtgOqov4O+DMwIWBAYubf4JQM0HKn4/sdS/ecIGFUKtv+Mkpz8wuLS+Vlc2V1bX3D2txqSZ4KTJqYMy46AZKE0Zg0FVWMdBJBUBQw0g6GFzlv3xEhKY9v1CghXoT6MQ0pRkqvfKu2D8+hK2h/oJAQ/B7W4LVPIXRdU5ODGXQLTd+q2FV7MnBWOIWogGIavvXh9jhOIxIrzJCUXcdOlJchoShmZGy6qSQJwkPUJ10tYxQR6WWTbGO4F3IB1YDAyfu3N0ORlKMo0J4IqYGcZvnyP9ZNVXjqZTROUkVirC2ahSmDisO8ItijgmDFRlogLKi+EuIBEggrXWQe35kOOytatapzXHWujir1s6KIMtgBu+AQOOAE1MElaIAmwOARPIM38G48GE/Gi/H6Yy0ZxZ9t8GeMz2+dSps8</latexit>

A ! 2Si

A0 ! 2Sj

<latexit sha1_base64="gmtsiRDc286jY2vfbYSw9eSO310="></latexit>

B ! 1p
2
(2Si + 2Sj)

B0 ! 1p
2
(�2Si + 2Sj)

<latexit sha1_base64="+8cKol7kXIE/zlF9AvXXAQXhB6A="></latexit>

B ! 1p
2
(�2Si � 2Sj)

B0 ! 1p
2
(2Si � 2Sj)

CHSH violation is probed by testing if |Cii ± Cjj | > √2
These estimators are optimal when off-diagonal Cij vanish



What?

For spin-1 systems there is an inequality that is stronger than CHSH. For 
any observables A1, A2 [on system A], B1, B2 [on system B]

if the systems are classical. 

There is a well-known choice of A1, A2, B1, B2 that is believed to maximise I3 
for the spin-singlet state

However, it is not optimal for the mixed spin state of the VV pair resulting 
from H decay
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<latexit sha1_base64="bTVgr4d3Zp07qJQ3oQtFzUe1QGk="></latexit>

I3 =P (A1 = B1) + P (B1 = A2 + 1) + P (A2 = B2) + P (B2 = A1)

� [P (A1 = B1 � 1) + P (B1 = A2) + P (A2 = B2 � 1) + P (B2 = A1 � 1)]  2

<latexit sha1_base64="S7KZzBQhs9Jf6wfM6r/4BWrr1BI="></latexit>

| i = 1p
3
(|+�i � |00i+ |�+i)

<latexit sha1_base64="S7KZzBQhs9Jf6wfM6r/4BWrr1BI="></latexit>

| i = 1p
3
(|+�i � |00i+ |�+i)

<latexit sha1_base64="2jJTDf/0ZBojGP6mCDNoR6Wu1Ig=">AAACK3icbVDLSgMxFM34tr6qLt0Ei6CbMiOibhTBjbiqYFVoSrmT3rbBTGZIMkKZ9pMEv8OtICiCbvwP03HA59nk3HvOhZwTJlIY6/tP3tj4xOTU9MxsaW5+YXGpvLxyYeJUc6zzWMb6KgSDUiisW2ElXiUaIQolXobXxyP98ga1EbE6t/0EmxF0legIDtatWuVTpnvxARPK0jYL0QKjGeMgaW24mc9bdMASI1r5QJkG1ZVImSzeL2nQKlf8qp+D/iVBQSqkQK1VvmftmKcRKsslGNMI/GYG2goucVhiqcEE+DV0seGogghNM8sTD+lGJ9bU9pDm83dvBpEx/Sh0nghsz/zWRsv/tEZqO/vNTKgktai4szitk0pqYzoqjraFRm5l3xHgWrhfUt4DDdy6eksufPA76l9ysV0NdqvB2U7l6LCoYYaskXWySQKyR47ICamROuHkjjySV/Lm3XoP3rP38mkd84qbVfID3vsHn6anLg==</latexit>

⇢ =

Z
d� P(�)| �ih � |

<latexit sha1_base64="uaFG5ybuKxqpR+r6rEoTue4MM6M="></latexit>

| �i =
1p

1 + �2
(|+�i � �|00i+ |�+i)

CGLMP PRL ‘02



How?

With spin-1 particles V=W,Z it is the same but more complicated
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8 polarisations for V1 

<latexit sha1_base64="mdV3+s6P2pLDBIpCNZjgoGSligI="></latexit>

⇢ =
1

9

⇣
19⇥9 +A1

LMTL
M ⌦ 13⇥3 +A2

LM13⇥3 ⌦ TL
M + CL1M1L2M2T

L1
M1

⌦ TL2
M2

⌘

8 polarisations for V2 64 spin correlations

<latexit sha1_base64="TzDh10mFDlyB4mcJlbKxyOUycVM="></latexit>

T 1
1 =

r
3

2

0

@
0 �1 0
0 0 �1
0 0 0

1

A T 1
0 =

r
3

2

0

@
1 0 0
0 0 0
0 0 �1

1

A

T 2
2 =

p
3

0

@
0 0 1
0 0 0
0 0 0

1

A T 1
2 =

r
3

2

0

@
0 �1 0
0 0 1
0 0 0

1

A

T 2
0 =

1p
2

0

@
1 0 0
0 �2 0
0 0 1

1

A

<latexit sha1_base64="rO93tVX5aQ3sRjDjbRus8OYm2fw="></latexit>

T 1
�1 = �(T 1

1 )
†

T 2
�2 = �(T 2

2 )
†

T 2
�1 = �(T 2

1 )
†

where TLM [L = 1,2] are irreducible tensors

Alternative: Gell-
Mann matrices



How?

… which translates into

Simpler than it looks because spherical harmonics are orthogonal functions
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<latexit sha1_base64="nYiaz+uBPNxmLHSFWAs7dVsHTiw="></latexit>

1

�

d�

d⌦1d⌦2
=

1

(4⇡)2

h
1 +B1

L1
A1

L1M1
Y M1
L1

(⌦1) +B2
L2
A2

L2M2
Y M2
L2

(⌦2)

+B1
L1
B2

L2
CL1M1L2M2Y

M1
L1

(⌦1)Y
M2
L2

(⌦2)
i

<latexit sha1_base64="+AyxlpuQ6D/HiSTSMthLQr8h+fI="></latexit>

B1 = �
p
2⇡⌘` , B2 =

r
2⇡

5

<latexit sha1_base64="t9ykaHdQwpxa9FKKyB0oivUiAxs="></latexit>

⌘` =

8
>><

>>:

g2L � g2R
g2L + g2R

Z

1 W�

�1 W+

<latexit sha1_base64="jwYttA1DEx+VSfZx0l2NrLH0f0k=">AAACKnicbZBLSwMxFIUz9VXra9Slm2BRWpAyM4i6UQpudGUF+4BOGTLpbRuaeZBkCqX0Hwn+D5eCiyLoxh9iWovW1rs6uecL3HP8mDOpLGtkpJaWV1bX0uuZjc2t7R1zd68io0RQKNOIR6LmEwmchVBWTHGoxQJI4HOo+t3rsV/tgZAsCh9UP4ZGQNohazFKlF555u0xdu8CaBPPxpc456oOKK1PsNsjIu4wz85j1838UM4M5fxSTh57ZtYqWJPBi8KeiiyaTskzn91mRJMAQkU5kbJuW40BEYpRDsOMm0iICe2SNtS1DEkAsjGYBB7io1YksD4CT96z7IAEUvYDXzMBUR05742X/3n1RLUuGgMWxomCkGpEe62EYxXhcW+4yQRQxftaECqYvhLTDhGEKt1uRoe356MuiopTsM8K9v1ptng1rSGNDtAhyiEbnaMiukElVEYUPaFX9I4+jEfjxRgZb99oypj+2Ud/xvj8AvMNoos=</latexit>

⌦1 = (✓1,'1)

⌦2 = (✓2,'2)

<latexit sha1_base64="m02JD6GBR3K3bx5tJTM+zc5P1TA="></latexit>Z
1

�

d�

d⌦1d⌦2
Y M1
L1

(⌦1)
⇤Y M2

L2
(⌦2)

⇤ =
1

(4⇡)2
BL1BL2CL1M1L2M2

data follow this 
distribution

calculate the average of 
this quantity on your 

data
the quantity you 

want

constants you can 
calculate

Not yet measured neither in Higgs decays nor EW diboson production



Novel tests: qutrits

H → VV is a decay 0 → 1 + 1. Angular momentum conservation implies 
that many A and C coefficients are zero. The non-zero ones are

and the 9×9 ρ matrix is sparse [relations among coefficients used below]
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<latexit sha1_base64="BHJa+GG8cqzLhNGVThmnbq7Utjg=">AAACH3icbVBLSwMxGMzWV62vVY9egkXwUEpSRD2VQi8eK9ha6C5LNs22odmHSVYoS3+M4H8RehBBL/03ZusetHVOk5n5IDN+IrjSCC2s0sbm1vZOebeyt39weGQfn/RUnErKujQWsez7RDHBI9bVXAvWTyQjoS/Yoz9p5/7jM5OKx9GDnibMDcko4gGnRBvJs5ttL8MIoxl0ajXnKSVDaJQGaqwoeE1p5FeeXUV1tARcJ7ggVVCg49lzZxjTNGSRpoIoNcDIzYjUnAo2qzipYgmhEzJiA0MjEjLlZsuWM3gRxBLqMYPL9+9sRkKlpqFvMiHRY7Xq5eJ/3iDVwa2b8ShJNYuoiRgvSAXUMczHgkMuGdViagihkptfQjomklBtJq2Y8ni16jrpNer4uo7vr6qtZjFDGZyBc3AJMLgBLXAHOqALKHgFc/AJvqwX6816tz5+oiWruDkFf2AtvgF9s54j</latexit>

C1010 , C2020 , C1020 , C2010
<latexit sha1_base64="3OmdESsAqFNN0P00voTSpPRH5iI="></latexit>

C111�1 = C⇤
1�111 , C222�2 = C⇤

2�222 , C212�1 = C⇤
2�121 ,

C112�1 = C⇤
1�121 , C211�1 = C⇤

2�111

<latexit sha1_base64="fSYG+ad/U6eQPo/Gr/rvUBv3F+A=">AAACFHicbVBLSwMxGMzWV62vVY9egkXwUMtmFfWiVLx4rGAf0F2XbJq2odmHSVYoS/+G4H8RPIigHrz7b8zWPWjrnOabmUBm/JgzqSzryyjMzS8sLhWXSyura+sb5uZWU0aJILRBIh6Jto8l5SykDcUUp+1YUBz4nLb84WXmt+6pkCwKb9Qopm6A+yHrMYKVljzz8MJLkTW+RfAMHsD8sKFTqTh3Ce5mip3bObWhZ5atqjUBnCUoJ2WQo+6ZH043IklAQ0U4lrKDLDfFQjHC6bjkJJLGmAxxn3Y0DXFApZtOqo3hXi8SUA0onNy/sykOpBwFvs4EWA3ktJeJ/3mdRPVO3ZSFcaJoSHREe72EQxXBbCHYZYISxUeaYCKY/iUkAywwUXrHki6PpqvOkqZdRcdVdH1Urp3nMxTBDtgF+wCBE1ADV6AOGoCAR/AM3sC78WA8GS/G60+0YORvtsEfGJ/fX0SZ1g==</latexit>

A1
10 = �A2

10 , A1
20 = A2

20

<latexit sha1_base64="Jpxz+ZaAsi6HdykrEN+cig22aTs="></latexit>

⇢ =
1

3

0

BBBBBBBBBBBB@

0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 2� C2020 0 C212�1 0 C222�2 0 0
0 0 0 0 0 0 0 0 0
0 0 C⇤

212�1 0 �1 + 2C2020 0 C212�1 0 0
0 0 0 0 0 0 0 0 0
0 0 C⇤

222�2 0 C⇤
212�1 0 2� C2020 0 0

0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0

1

CCCCCCCCCCCCA

Separability 
<latexit sha1_base64="12gctA7vxV/RLk2+u/gOM1fYbA4=">AAACBXicbVBLS8NAGNzUV62vqEcvi1Xw0JYkiHpRCr14rGAf0ISw2W7apZuHuxuhhJ4F/4vgQQS9ePcf+G/cxBy0dU6zM7PwzXgxo0IaxpdWWlpeWV0rr1c2Nre2d/Tdva6IEo5JB0cs4n0PCcJoSDqSSkb6MSco8BjpeZNW5vfuCRc0Cm/lNCZOgEYh9SlGUkmuftRyU8u06uYMXkID2rWafZegIcxky6pbuezqVaNh5ICLxCxIFRRou/qnPYxwEpBQYoaEGJiGkyIuKWZkVrETQWKEJ2hEBoqGKCDCSfMuM3jsRxzKMYH5+3c2RYEQ08BTmQDJsZj3MvE/b5BI/8JJaRgnkoRYRZTnJwzKCGaTwCHlBEs2VQRhTtWVEI8RR1iq4SqqvDlfdZF0rYZ51jBvTqvNq2KGMjgAh+AEmOAcNME1aIMOwOARPIM38K49aE/ai/b6Ey1pxZ998AfaxzfhwpQr</latexit>

C212�1 = 0 , C222�2 = 0
Peres-Horodecki

H → VV special case

<latexit sha1_base64="wBdkeNhtBpg5RvFeiiEFi1pW5tg="></latexit>

⇢ =
1

9

�
19⇥9 +A1

LMTL
M ⌦ 13⇥3

+A2
LM13⇥3 ⌦ TL

M

+CL1M1L2M2T
L1
M1

⌦ TL2
M2

⌘



Novel tests: qutrits

Prospects for H → ZZ → 4l

Parton level, no detector simulation, approximate eff [0.25] injected

Background not included [1/4 size of signal]

Only statistical uncertainties, estimated with pseudo-experiments

48

C212-1 C222-2 Significance

Run 2 + 3 : 300 fb-1 -0.98 ± 0.31 0.60 ± 0.37 3σ

HL-LHC : 3 ab-1 -0.95 ± 0.10 0.60 ± 0.12 many σ

JAAS, Bernal, Casas,Moreno, 2209.13441



Novel tests: qutrits

We saw earlier that for a spin singlet there is a `standard´ Bell operator 
that is believed to be optimal. But this is not the case for H → VV

49

I3 Significance

Run 2 + 3 : 300 fb-1 2.66 ± 0.46 1.4σ

HL-LHC : 3 ab-1 2.63 ± 0.15 4.2σ

<latexit sha1_base64="V9XzGY6CRlOmZuIAQQukEDq9TKY="></latexit>

I3 =
1

36

h⇣
18 + 16

p
3
⌘

�
p
2
⇣
9� 8

p
3
⌘
A1

2,0

� 8
⇣
3 + 2

p
3
⌘
C2,1,2,�1

+6C2,2,2,�2]

standard our choice

mean β

[V not at rest in H rest frame]

~ V momentum in H rest frame



Novel tests: qutrits

The ZZ final state is clean and easy to reconstruct…

… but the WW final state is clearly superior in terms of both statistics and 
spin analysing power

Efforts needed towards realistic reconstruction methods for WW!
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<latexit sha1_base64="nYiaz+uBPNxmLHSFWAs7dVsHTiw="></latexit>

1

�

d�

d⌦1d⌦2
=

1

(4⇡)2

h
1 +B1

L1
A1

L1M1
Y M1
L1

(⌦1) +B2
L2
A2

L2M2
Y M2
L2

(⌦2)

+B1
L1
B2

L2
CL1M1L2M2Y

M1
L1

(⌦1)Y
M2
L2

(⌦2)
i

<latexit sha1_base64="rEOS44Ly7bx5Kv8KqEsGZFeOm14=">AAAB/nicbVDLSgNBEOz1GeMr6lGEwSB4MewGURGEoBePEcwDsmGZnfQmQ2YfzswKYQkI/ovgQQS9+A3+gX/jJOagiXWq7qqGrvITwZW27S9rbn5hcWk5t5JfXVvf2CxsbddVnEqGNRaLWDZ9qlDwCGuaa4HNRCINfYENv3810hv3KBWPo1s9SLAd0m7EA86oNiuvsHfpOeSCHBFX3Umdld2ED4mLmnouCuEVinbJHoPMEmdCijBB1St8up2YpSFGmgmqVMux2xmVmjOBw7ybKkwo69MutgyNaIiqnY1DDMlBEEuie0jG829vRkOlBqFvPCHVPTWtjZb/aa1UB2ftjEdJqjFixmK0IBVEx2TUBelwiUyLgSGUSW6+JKxHJWXaNJY34Z3pqLOkXi45JyXn5rhYOZ/UkINd2IdDcOAUKnANVagBg0d4hjd4tx6sJ+vFev2xzlmTmx34A+vjGzpGlD8=</latexit>

B1 = �
p
2⇡⌘`

<latexit sha1_base64="UdJ4HGI3ozs7Q93CDuZoloj+wKs=">AAACCHicbVDLSsNAFJ3UV62vqks3g0VsNyFRUVGEghuXFWwrNqVMpjft0JkkzEyEEtoPEPwXwYUIunHpH/g3TmsX2npW595zLtxz/JgzpR3ny8rMzS8sLmWXcyura+sb+c2tmooSSaFKIx7JW58o4CyEqmaaw20sgQifQ93vXY70+j1IxaLwRvdjaArSCVnAKNFm1crve6BJK/WA8wG+wF4ssIuHuFgv4eH5EDu2e4iHxbtSK19wbGcMPEvcCSmgCSqt/KfXjmgiINSUE6UartNMidSMchjkvERBTGiPdKBhaEgEqGY6jjPAe0Ekse4CHs+/vSkRSvWFbzyC6K6a1kbL/7RGooPTZsrCONEQUmMxWpBwrCM8agW3mQSqed8QQiUzX2LaJZJQbbrLmfDudNRZUjuw3WPbvT4qlM8mNWTRDtpFReSiE1RGV6iCqoiiR/SM3tC79WA9WS/W6481Y01uttEfWB/fmJeWSQ==</latexit>

⌘` = ±1 (W ) ; 0.13 (Z)

Coefficients A1M, C1M2M´ have a 
suppression 1/10 for Z

Coefficients C1M1M´ have a 
suppression 1/100 for ZZ

Δstat 3x penalty

Δstat 10x penalty



Novel tests: qutrits

Full reconstruction of H → WW → lνqq possible by using c-tagging to 

distinguish jets
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Fabbri, Howarth, Maurin, 2307.13783

Still 20% more statistics than WW → 2l 2ν

Penalties of full reconstruction:

1/2 BR because W → ud is not usable

1/2 BR because W → cs is assumed on shell,  W → lν off shell

0.4 efficiency for charm tagging

to reduce bkg

Entanglement Bell inequalities
Run 2 : 139 fb-1 ? 1.8σ

Run 2 + 3 : 300 fb-1 ?? 2.7σ
HL-LHC : 3 ab-1 ??? many σ

standard operator 
[could be better]

Detector simulation and unfolding

Background included

Only statistical uncertainties



Novel tests: qutrits

For H → WW → 2l 2ν, entanglement conditions can be recast into a binary 
test using lab-frame dilepton kinematical distributions.
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SM
separability 
hypothesisvs

JAAS, 2209.14033

<latexit sha1_base64="hBhEEGPWFsFD3YKVeNQ/Hdyns5U="></latexit>

⌘ C212�1 = 0
C222�2 = 0

Run 2 
Significance

stat only 7.1σ

stat + modeling syst 6.1σ



now this is the 
end


