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Motivation:

It is challenging to see 

entanglement at High 

Energy Colliders(HEC) and 

it is interesting to check 

the sensitivity of HEC to 

probe quantum 

correlations

We saw it at LHC!!!!!
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Motivation:

Find new quantum 

observables and check if 

they are Sensitive to new 
physics e.g. CP-phases in 

Yukawa, contribution from 

other SMEFT operators 

depending on channels

Why 𝐻 → 𝑉𝑉?

▪ Higgs as a scalar pure state.

▪ Massive vector boson decay is chiral in SM that mean 

there decay product have spin polarization 

information 

• Testing entanglement and Bell inequalities in H → ZZ by J. A. Aguilar-Saavedra , A. Bernal , J. A. 

Casas , and J. M. Moreno

• Entanglement and Bell inequalities violation in H → ZZ with anomalous coupling by Alexander 

Bernal, Pawel Caban and Jakub Rembielinski

• Quantum state tomography, entanglement detection and Bell violation prospects in weak 

decays of massive particles: Rachel Ashby-Pickering, Alan J. Barr, Agnieszka Wierzchucka 

• Bell inequalities and quantum entanglement in weak gauge boson production at the LHC and 

future colliders by Marco Fabbrichesi, Roberto Floreanini, Emidio Gabrielli, Luca Marzola
• Spin Correlations in Decay Chains Involving W Bosons⋆ by Jennifer M. Smillie

• Stringent bounds on HWW and HZZ anomalous couplings with quantum tomography at the LHC 

by M. Fabbrichesia, R. Floreaninia, E. Gabriellib,a,c,d and L. Marzolad

• Bell-type inequalities for systems of relativistic vector bosons by Alan J. Barr, Paweł Caban, and 

Jakub Rembieliński

• Breaking down the entire W boson spin observables from its decay by J. A. Aguilar-Saavedra, J. 

Bernabéu

•  Testing Bell inequalities in Higgs boson decays by Alan J. Barr

• The Z boson spin observables as messengers of new physics by J. A. Aguilar-Saavedra, J. 

Bernabéu, V. A. Mitsou, A. Segarra

List of work on VV spin correlation at colliders
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➢ Talk on three-particle entanglement in particle decay and 

scattering by Kazuki sakurai

➢ Talk on Entanglment in QED scattering processes by Bruno Micciola

➢ Talk on Entanglement in flavored scalar scattering by Enrico Maria 

Sessolo
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Quantum tomography

➢ We can’t measure spin polarization of particles at colliders. We observe angular 

distribution of decay particles, In our case we observe angular distribution of 4 

lepton.

H

Z

Z

𝑒+

𝑒−

𝜇+

𝜇−

Reconstruct 

angular 

distribution and 

ensemble of 

decays 

Spin density matrix

Quantum state tomography

Look for entanglement 

and bell nonlocality 

observables 

Look for sensitivity of these 

observables for new 

physics
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Quantum tomography

The Polarization operator basis parameterization/ irreducible 

tensor parameterization

For spin-1, the spin operator S and  

polarization operator are relates as

Constraint on A and C coefficient in 
spherical basis
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Quantum tomography

The Polarization operator basis parametrization/ irreducible 

tensor parametrization

We know how the angular differential cross section is related to 

density matrix:

The traces of decay density matrix can be written in term of spherical harmonics as

𝐵1 = 2𝜋𝛼 and 𝐵2 =
2𝜋

5

Spin analyzing power

These traces of decay matrix is same for all spin-1 particle decay 

except 𝐵1 coefficient, which depends on decay products 



9Now we have normalized joint angular distribution in term of 

spherical harmonics and function

Quantum tomography

𝑎
𝑏

We can compute full spin density matrix using experimental data by 

using following tomographic reconstruction:

Total 80 parameters
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Observables and density matrix

Non-zero A and C coefficients for vector and vector-axial couplings

Lets compute amplitude square for generic vector and pseudo-vector currents

Π1 = (𝑝1. 𝑝3)(𝑝2. 𝑝4)
Π2 = (𝑝1. 𝑝4)(𝑝2. 𝑝3)

All A and C coefficient are 

real in this case
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Observables and density matrix

Non-zero A and C coefficients for vector and vector-axial couplings

Lets compute amplitude square for generic vector and pseudo-vector currents

Π1 = (𝑝1. 𝑝3)(𝑝2. 𝑝4)
Π2 = (𝑝1. 𝑝4)(𝑝2. 𝑝3)

All A and C coefficient are 

real in this case
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By looking this we can directly write the helicity 

state.

𝜓 > = 𝑎+ + −> + 𝑎0 0 0 > + 𝑎− − +>

|

𝑎+ = 𝑎−

𝑎+ = 𝑎− Also CP conserving condition

Observables and density matrix
First task: reconstruct the quantum state: easy in this case but not always



131. Entanglement
Observables and density matrix

𝜓 > = 𝑎+ + −> + 𝑎0 0 0 > + 𝑎− − +>

Sufficient condition for Entanglement

𝐶2,2,2,−2 ≠ 0  or 𝐶2,1,2,−1 ≠ 0
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Bell nonlocality for the qutrit system

A. Ac´ın, T. Durt, N. Gisin, and J. I. Latorre, “Quantum 
nonlocality in two three-level systems,”Phys. Rev. A, 
vol. 65, p. 052325, May 2002

P(𝐴𝑖 = 𝐵𝑗 + 𝑘) are the probability that the outcomes for party A 

and B, measuring 𝐴𝑖  𝑎𝑛𝑑 𝐵𝑗, differ by k modulo 3 .

D. Collins, N. Gisin, N. Linden, S. Massar and S. 
Popescu, Phys. Rev. Lett. 88, 040404 (2002)

CGLMP  inequality

For maximal entangled state 𝐼3 ≈ 2.8729
Upper value in QM                  𝐼3 ≈ 2.9149

How we can measure it?

As we know we can compute expectation value of any 

operator in QM if we know density matrix

𝐼3 = 𝑇𝑟[𝜌𝐵′]

Where B’ is bell operator. 
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Numerical simulation

➢ Generate event for 𝐻 → 𝑒+𝑒−𝜇+𝜇− with  Madgraph5 aMC@NLO at NLO EW accuracy, label large 
invariant mass is 𝑍1/𝑎 and other one is 𝑍2/𝑏.

➢ Define Helicity basis, Ƹ𝑧-axis is taken in the direction of the 𝑍1 three-momentum in the H rest frame. 

                                  ො𝑥 = 𝑠𝑖𝑔𝑛(cos 𝜃)( Ƹ𝑝 − cos 𝜃 Ƹ𝑧)/sin 𝜃, ො𝑦 = Ƹ𝑧 × ො𝑥

➢ The angles (𝜃1/𝑎 , 𝜙1/𝑎) are the polar coordinates of the 3-momentum of negatively charge 

lepton from the 𝑍1/𝑎, in the 𝑍1/𝑎 rest frame.
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Sufficient condition for Entanglement

𝐶2,2,2,−2 ≠ 0 or 𝐶2,1,2,−1 ≠ 0

Bell nonlocality condition 𝐼3 > 2
For maximal entangled state 𝐼3 ≈ 2.8729

Observables at LO level
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Sufficient condition for Entanglement

𝐶2,2,2,−2 ≠ 0 or 𝐶2,1,2,−1 ≠ 0

Bell nonlocality condition 𝐼3 > 2
For maximal entangled state 𝐼3 ≈ 2.8729

Observables at LO level

𝑎+ = 𝑎− Also CP conserving condition
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No cuts

Observables at LO level
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NLO effect on rho martix
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NLO effect on rho martix

At NLO level all relation are broken.
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NLO effect on rho martix

At NLO level all relation are broken.
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Till now we have to keep in mind 

✓ Fing quantum tomographic state so that instead of one or two parameters you 

can produce whole density matrix. As we see at LO our spin density matrix was 

corresponding to  pure state but at NLO level it is no more pure state it is 

correspond to mix state.

✓ Due to change in spin density matrix our definition of both Entanglement and 

Bell-non-locality condition will modify.

✓ We can check how NLO correction can misinterpreted  with new physics e.g.

✓ Spin density matrix can get modified if instead of V we have some other e.g. 

scalar or tensor intermediate state.

✓ Or for modified H to VV couplings due to EFT contributions.
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How NLO correction can be misinterpreted as new physics?
1. What we are measuring at collider? -> four fermion angular momentum distribution 

generated from Higgs decay. Lets write a generic current for H-> 4f

With 

This is similar to using simplified models with resonant intermediate states. 

As we know the A and C coefficient are proportional to amplitude square due to following equation
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How NLO effect can be misinterpreted as new physics?
1. What we are measuring at collider? -> four fermion angular momentum distribution 

generated from Higgs decay. Lets write a generic current for H-> 4f

With 

This is similar to using simplified models with resonant intermediate states. 

Π0 = 𝑝1. 𝑝2 𝑝3. 𝑝4 =
𝑚𝑎

2𝑚𝑏
2

4
Π1 = (𝑝1. 𝑝3)(𝑝2. 𝑝4)
Π2 = 𝑝1. 𝑝4 𝑝2. 𝑝3

Π𝑒 = ∈𝑝1𝑝2𝑝3𝑝4

amplitude square for different currents

For SS current all A and C 

coefficient zero, as amplitude 

square of SS in independent on 

any angle.
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Effect of modified H to ZZ vertex on spin density matrix

Higher Dim Operators

Again we got pure density matrix of pure state 

𝜓 > = 𝑎+ + −> + 𝑎0 0 0 > + 𝑎− − +>

𝑎+ ≠ 𝑎−
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EFT SM

Complex numbers New non-zero coefficiients

All 9 entries are different from non-zero.
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EFT SM

Complex numbers New non-zero coeffi

All 9 entries are different from non-zero.

❖ If 𝑎1, 𝑎2, 𝑎3 all are real. than all 

these extra new coefficient is 

zero. Which means 𝐴1,0
𝑎/𝑏

≠ 0 is 

direct signal of CP-violation.

❖ If 𝑎3 is zero than 𝐴1,0
𝑎/𝑏

= 0 but 

𝐶1,−1,2,1 ≠ 0 if one of 𝑎1, 𝑎2 is 

complex.
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𝑎1, 𝑎2, 𝑎3 all are real 𝑎3 is zero 
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Conclusion:

➢ As we see in top sector LHC is sensitive to probe quantum observables. So it is the time we 

do computation with more detail.

➢ It is useful to use quantum state tomography to relate spin density matrix directly to 

experiment data.

➢ NLO correction can effect quantum state which will change the entanglement  and bell- 

nonlocality condition.

➢ It is still possible to look new physics but have to be careful to define the right observable 

which will not effect by NLO corrections.

➢ And we can also look for the parameter space where we can reduce NLO correction e.g 

if we can force one Z be on-shell then NLO corrections to the spin density matrix can 

reduce although it will also reduce number of events.

➢ Stay tuned for final paper you will find more information with more detail.



33

Thank you for the attention!
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Back-up slides
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One example is the fermion-photon distance for recombination ∆R: a smaller 

value will correspond to more radiation appearing as real emissions. 
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Quantum tomography

➢ There are at least 3-4 parameterization to define rho matrix in bipartite qutrit system e.g.

1. define your state |𝜓𝑖 >of system the we can construct density matrix using 𝜌 = σ 𝑝𝑖 |𝜓𝑖 >< 𝜓𝑖| .
2. Using helicity dependent amplitude computation

3. The generalized Gell-Mann matrix basis parametrization.

4. The Weyl operator basis

5. The Polarization operator basis parametrization.
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➢ Entanglement is a quantum 
phenomenon where two or more 
particles become correlated in such a 
way that the quantum state of each 
particle cannot be described 
independently of the state of the 
others, even when they are space-like 
separated. It is one of the features 
that can’t explain by classical 
mechanics.

➢ Depending on spin-1/2 pair or spin-1 
pair quantum observable change. It is 
challenging to construct quantities 
which capture non-local behaviour 
depending on channels 

➢ We are interested in different degree 
of quantum correlation

➢ We need a way to define observation 
such way that they depends on spin-
correlation matrix.

Quantum Information at High 

Energy Colliders :

➢ Different inequality is sensitive for different 

systems(e.g. CHSH inequality for biparticle qubits, 

CGLMP inequality for biparticle qutrits etc.)

Separable
Entangled

Hidden VariableBell Nonlocal
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Separable
Entangled

Hidden VariableBell Nonlocal

bipartite qutrit system:

|𝜓 > = |𝜙𝛼 >⊗ |𝜙𝛽 >

The state is entangled if it can’t be written as

It is analytically unknown for a mix state to determining 

entanglement necessary and sufficient condition for bipartite 

system of dimension larger than 2×3, where dimension defined as 

d=(3s+1). But some sufficient condition is known like

A state can only  have non-zero concurrence if it is entangled.

There are lower bound on square of concurrence

1. 
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Terminology:

➢ In this talk I will only discuss about bipartite system of dim 𝑑 = 2𝑗 + 1  (also called qudit)

➢ I am interested spin correlation in massive vector boson pair which has spin-1 also called qutrit pair 

Talk on three-particle entanglement in particle decay and scattering by Kazuki 

sakurai

Talk on Entanglment in QED scattering processes by Bruno Micciola

Talk on Entanglement in flavored scalar scattering by Enrico Maria Sessolo

|𝜓 > = |𝜙𝛼 >⊗ |𝜙𝛽 >

The state is entangled if it can’t be written as

𝜌 = |𝜓 >< 𝜓|

Once we know the state we can define density matrix as 

Although at colliders we don’t know the state so we 

need another way to directly compute density matrix

With density matrix we can compute 

entanglement, bell nonlocality.

Separable
Entangled

Hidden VariableBell Nonlocal
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Thanks
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