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Spin of diboson 𝑍𝑍 production @ ATLAS
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From electroweak symmetry breaking, 
massless Goldstone bosons gain mass 
and longitudinal polarization  ⇒ 𝑾±, 𝒁

Di-boson polarization measurement:
• One of the most important tests to 

EWK symmetry breaking and one of 
the physics motivations of LHC; 

• + Highly sensitive to new physics ;
• + Symmetry breaking restoration at 

high energies. R. Capdevilla, T. Han

𝑔𝑔 → 𝐻 → 𝑉𝑉

VBS processes
(Vector Boson Scattering)

𝑞𝑞 → 𝑉𝑉
𝑔𝑔 → 𝑉𝑉

https://arxiv.org/abs/2412.12336
https://arxiv.org/abs/2412.12336
https://arxiv.org/abs/2412.12336
https://arxiv.org/abs/2412.12336
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Spin of diboson 𝑍𝑍 production @ ATLAS
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JHEP12(2023)107

ATLAS has measured the longitudinal (L) and 
transverse (T) polarization in the ZZ production 

Z-boson (spin) can be precisely reconstructed 
from leptonic decay angles:  𝑍 → 𝑙𝑙, 𝑙 = 𝑒, 𝜇

Unique advantage in ZZ processes:

https://link.springer.com/article/10.1007/JHEP12(2023)107
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Spin of diboson 𝑍𝑍 production @ ATLAS
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Magic of Higgs:  “Mix”  to  “Pure”
√ Accurate reconstruction
√ “Clean” state
Spin density matrix measurement is 
practical despite only hundreds of events! 

Despite in most events, one Z boson is “virtual”, the 
entanglement is defined between quantum states.

Scalar nature of Higgs



21/04/2026

Spin density matrix reconstruction
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Quantum State Tomography: 

R. Ashby-Pickering, A. J. Barr, A. Wierzchuckaa

J. A. Aguilar-Saavedra , A. Bernal , J. A. Casas and J. M. Moreno

• Parametrize 𝜌 with 80 parameters:

• Measuring decayed lepton direction of 𝑙± ~ measurement of 𝑍 spin

•
1

𝜎

𝑑𝜎

𝑑Ω1𝑑Ω2
∝ 1 + 𝐴LM

1  𝐵𝐿𝑌𝐿 
𝑀 𝜃1, 𝜙1 + 𝐴LM

2  𝐵𝐿𝑌𝐿 
𝑀 𝜃2, 𝜙2 + 𝐶𝐿1𝑀1𝐿2𝑀2

𝐵𝐿1
𝐵𝐿2

𝑌𝐿1 
𝑀1 𝜃1, 𝜙1 𝑌𝐿2 

𝑀2 𝜃2, 𝜙2

• Recover the parameters 𝐴𝐿𝑀
𝑗

 and 𝐶𝐿1𝑀1𝐿2𝑀2
 by doing the ensemble average of 𝑌𝐿

𝑀’s

• 𝐴𝐿𝑀
𝑗

=
4𝜋

𝐵𝐿
𝑌𝐿 

𝑀 Ω𝑗 ≡ 𝑎𝐿𝑀
𝑗

, 𝑗 = 1,2

• 𝐶𝐿1𝑀1𝐿2𝑀2
=

4𝜋 2

𝐵𝐿1𝐵𝐿2

𝑌𝐿1 
𝑀1 Ω1 ⋅ 𝑌𝐿2 

𝑀2 Ω2 ≡ 𝑐𝐿1𝑀1𝐿2𝑀2
, 𝐵𝐿1

, 𝐵𝐿2
 constants

(Spherical Harmonics (𝜃𝑖 , 𝜙𝑖) )

𝜌𝑍𝑍

𝐴L,M
1

𝐴L,M
2

𝐶𝐿1,𝑀1,𝐿2,𝑀2

𝑑𝜎

𝑑Ω1𝑑Ω2
(𝐴, 𝐶) 

(𝜃𝑖 , 𝜙𝑖) are the spherical coordinates of 

the negatively charged lepton ℓ in its parent 𝑍𝑖’s rest frame

https://arxiv.org/abs/2209.13990
https://arxiv.org/abs/2209.13990
https://arxiv.org/abs/2209.13990
https://arxiv.org/abs/2209.13990
https://arxiv.org/abs/2209.13441
https://arxiv.org/abs/2209.13441
https://arxiv.org/abs/2209.13441
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SDM and entanglement

Then we get: 
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Experimentally the SDM can be measured 
and used to test quantum entanglement 
between the Z bosons from Higgs decay:

• Peres-Horodecki criterion

• Given a state 𝜌𝑖𝜇,𝑗𝜈, it is entangled if and only if the 
partially transposed matrix, 𝜌𝑖𝜈,𝑗𝜇 has at least one 
negative eigenvalue.

In 𝐻 → 𝑍𝑍∗ decay:

• Entanglement  𝑪𝟐,𝟏,𝟐,−𝟏 ≠ 𝟎 or 𝑪𝟐,𝟐,𝟐,−𝟐 ≠ 𝟎 

• Bell Inequality can be test with CGLMP Inequality, 
which was not included in this talk. 

A. Peres

P. Horodecki

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.77.1413
https://www.sciencedirect.com/science/article/abs/pii/S0375960197004167?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0375960197004167?via%3Dihub
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Entanglement from direct SDM measurement
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Measure 𝐶2,1,2,−1
𝑅𝑒𝑐𝑜  and 𝐶2,2,2,−2

𝑅𝑒𝑐𝑜  in 2e2𝜇, 4𝑒, 4𝜇:

• Run2: 140 fb-1     Run3:  164 fb-1 

1. Compute the average: <data – background>

2. Migrate the 𝐶2,1,2,−1
𝑅𝑒𝑐𝑜  and 𝐶2,2,2,−2

𝑅𝑒𝑐𝑜  from detector 
level to truth level

3. Correct for experimental and theoretical effects

▪ Use data-background estimation to avoid significant 
modeling dependence in testing entanglement
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Entanglement from hypothesis rejection
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Test Entanglement by Rejecting the “Separable State” Hypothesis: 

• Assuming the scalar and CP-even nature of Higgs

• 𝑍𝑍∗ from 𝐻 can only be in  

• Idea: build template for both scenarios and test against data
• using distribution of 𝑐2,1,2,−1 and 𝑐2,2,2,−2 in the SR (same variables of interest as in method 1)

• in purely di-longitudinal: 00 = 0 ⊗ 0        separable

• a superposition: 𝑎 + − + 𝑏 00 + 𝑐 − +         entangled
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Background estimation

Major Background: 

• Non-Higgs 𝑍𝑍∗

• Non-prompt fake-lepton from Z+jets / top

Non-Higgs 𝑍𝑍∗ : 

• Sherpa 2.2.16 simulation

• validated in the Higgs side-bands 

Non-prompt: 

• data-driven estimation

• dominate the experimental systematics 
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Background 
validations:

𝐶2,1,2,−1
𝑅𝑒𝑐𝑜  

𝐶2,2,2,−2
𝑅𝑒𝑐𝑜
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Signal region distribution
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𝐶2,1,2,−1
𝑅𝑒𝑐𝑜  𝐶2,2,2,−2

𝑅𝑒𝑐𝑜
<data – bkg>

Non-QE 
rejection
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High-order effects
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Example diagrams of NLO electroweak effects: 

M. D. Gratta, F. Fabbri, P. Lamba, F. Maltoni, D. Pagani

J. A. Aguilar-Saavedra

1.Factorizable ZZ (including FSR effects)

2.Non-factorizable (including Single Z-resonance)

▪ FSR effect is found to be negligible to SDM
▪ SDM (reconstructed from decay angles) cannot 

be derived from non-factorizable processes. 

▪ Treating the NLO EW effects as backgrounds
▪ 𝐶222−2, and 𝐶212−1 are not sensitive to NLO 

EW corrections.

Δ𝐶2,1,2,−1
NLO = 1.1%, Δ𝐶2,2,2,−2

NLO = 1.4%

https://arxiv.org/abs/2504.03841
https://arxiv.org/abs/2504.03841
https://arxiv.org/abs/2504.03841
https://arxiv.org/abs/2504.03841
https://arxiv.org/abs/2504.03841
https://arxiv.org/abs/2504.03841
https://arxiv.org/abs/2504.03841
https://arxiv.org/abs/2504.03841
https://arxiv.org/abs/2504.03841
https://arxiv.org/abs/2505.11870
https://arxiv.org/abs/2505.11870
https://arxiv.org/abs/2505.11870
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Migrating detector-level results
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Valid 𝜌𝑍𝑍 obtained only when the corresponding 
𝑑𝜎

𝑑Ω1𝑑Ω2
 is 

• in 4ℓ truth full angular phase space in 𝑍𝑍∗ → 4ℓ decay

• is limited by incomplete phase space and detector smearing

Use migration functions to revert these effects. For each 
channel (2e2𝜇, 4𝑒, 4𝜇, Run2/Run3): 

• 𝐶t = 𝑘 ⋅ 𝐶𝑟 + 𝑏

• Estimate using pseudo-datasets with different 𝐶𝑟 , 𝐶𝑡

• Full systematics considered

• Alternative choices of migration functions treated as 
uncertainty

• Validation using non-QE simulation (around 0).
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Measurement Results
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𝐶2,1,2,−1 = −0.71 ± 0.45 𝐶2,2,2,−2 = 0.08 ± 0.44

1.6 (2.1) 𝜎  via the Peres–Horodecki criterion 0.2(1.4) 𝜎  via the Peres–Horodecki criterion
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Uncertainty
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Breakdown of uncertainties:  

Statistical uncertainty is the major limitation (also in data-driven background estimation). 
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Non-QE Hypothesis Rejection
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A selected mass region to enhance the separation

෤𝑞~
Fraction of ෤𝑞Separable > ෤𝑞data

Fraction of ෤𝑞Entangled < ෤𝑞data

Observed (expected) significance for c222-2: 4.7σ (4.9σ)
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Summary
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existing measurements

With the following assumptions, we test entanglement in 𝐻 → 𝑍𝑍∗ 

• SM predicted angular distributions of the leptons from each helicity state of 𝑍(∗).

• 𝑍𝑍∗  from Higgs decay form a scalar, CP-even state, consistent with existing measurements.

• Angular distributions of the four-lepton background processes are well-described by the 
Standard Model

𝐶2,1,2,−1 = −0.71−0.45
+0.45(−0.97−0.47

+0.47)

𝐶2,2,2,−2 = 0.08−0.44
+0.44(0.63−0.46

+0.46)

The non-entangled hypothesis is rejected based on the discriminant 𝑐2,2,2,−2 at 4.7 4.9 𝜎

Strong evidence for quantum entanglement between spin-qutrit bosons at the electroweak scale 
Unique role of the Higgs boson as a natural laboratory for precision studies of entanglement

https://arxiv.org/abs/1307.1432
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Backup
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Bias

19QOfCP 2026

reference paper

• Effect 1: identical particle effect / miss-pairing in same-flavor channels (4𝑒 & 4𝜇)

• |ℳ(𝐻𝑍𝑍 → 𝑒1
−𝑒2

+𝑒3
−𝑒4

+)|2 = ℳ1,2 + 𝑀1,4
2

= ℳ1,2
2

+ ℳ1,4
2

+ 2Re(𝑀1,2𝑀1,4
∗ )

• Treatment: isolate and correct the interfering contribution 

• A correction Δ𝐶interf = 𝐶2𝑒2𝜇 − 𝐶4𝑒/4𝜇 at LO is applied to the post-migrated values

• Add uncertainty equal to 50% ⋅ Δ𝐶 
interf

• ΔC2,1,2,−1
interf = 0.07; ΔC2,2,2,−2

interf = 0.06

• Effect 2: electroweak NLO corrections break down the LO 𝑍𝑍∗ picture

• Treatment: treat NLO-LO difference 
• as background (reference paper)

• And as additional theoretical uncertainty

• Multiplicative uncertainty: Δ𝐶2,1,2,−1
NLO = 1.1%, Δ𝐶2,2,2,−2

NLO = 1.4%

• Effect 3: spin analyzing power (weak mixing angle )
• Tuning w.r.t scale variations; negligible effect on two coefficients. 

https://arxiv.org/abs/2505.11870
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Mass-binned hypothesis rejection
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Bell inequality with extended dimension 

Known as CGLMP inequality:    0, 1, 2, …, d-1

When (d = 3): 

 

 

 

PhysRevLett.88.040404

One starting point!
• Bell test is Sufficient but not Necessary for QE
• QE will be probed in studying 𝐼3

21QOfCP 2026

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.88.040404
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From density matrix to 𝐼3

The question now comes to how to measure the density matrix?

 

 

L. Marzola
CGLMP inequality operator

B can be rotated (for better sensitivity):

JHEP05(2023)020

M. Varma

22QOfCP 2026

https://indico.in2p3.fr/event/29681/contributions/122543/attachments/76640/111216/03-LMarzola-v1.pdf
https://indico.in2p3.fr/event/29681/contributions/122543/attachments/76640/111216/03-LMarzola-v1.pdf
https://link.springer.com/article/10.1007/JHEP05(2023)020
https://indico.cern.ch/event/1347042/contributions/5670449/attachments/2753944/4794639/final%20draft%20JI%20meeting%20Nov%2016.pdf


21/04/2026

Theoretical calculations

Different strategies in probing the entanglement and 𝐼3 have been developed by theorists (and more):

 

 

arXiv:2302.00683v3 L. Marzola

Analytic computation of the density 
matrix. Parameters depend on the 
mass of two vector bosons in Higgs 
production. (pure state superiority) 

JHEP05(2023)020 A. Barr

Determine the spin density matrix 
of a multi-particle system by 
computing all coefficients in data.

Example of parameters: 

Quantum state tomography Analytic computation*

Elements of matrix:

Constrained spin measurement*

arXiv:2209.13441 J.A.A. Saavedra

*: discussed in this talk.
Check backup for more details

Constraints on ρ from symmetry 
considerations: only 9 entries 
can be different than zero and 
expressing the matrix in an 
appropriate basis for Hermitian 
operators
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https://arxiv.org/abs/2302.00683v3
https://indico.in2p3.fr/event/29681/contributions/122543/attachments/76640/111216/03-LMarzola-v1.pdf
https://indico.in2p3.fr/event/29681/contributions/122543/attachments/76640/111216/03-LMarzola-v1.pdf
https://link.springer.com/article/10.1007/JHEP05(2023)020
https://indico.cern.ch/event/1245651/contributions/5233484/attachments/2590921/4471056/AJB-Slides_ZZ_tomography.pdf
https://arxiv.org/abs/2209.13441
https://indico.cern.ch/event/1336431/contributions/5639395/attachments/2741295/4768390/VVtangle.pdf


21/04/2026

Backup
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Backup
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Angular coefficients integration

         

 

 

J.A. Aguilar Saavedra
Y:  spherical harmonics.

Rotated B

Constraint:  (for bias estimation)

Measurable by integrating the spherical harmonics in specially 
designed frames.  
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https://indico.cern.ch/event/1336431/contributions/5639395/attachments/2741295/4768390/VVtangle.pdf
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