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Introduction
§ Observation of entanglement at highest energies

(Nature 633 (2024) 542, CERN-EP-2026-061)
§ Interplay of quantum information theory, precision physics, and BSM searches
§ h Ñ V V ˚ one of the most prominent channels to probe quantum phenomena

between two qutrits and new physics at colliders.
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Diboson as a two-qutrit system
§ The most general two-qutrit system can be represented by
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Quantum Entanglement

§ Quantum state of two subsystems A and B
is separable if its density matrix ρ can be
written as a convex sum:

ρ “
ÿ

i

piρ
i
A b ρiB,

§ If the state is not separable, it is entangled.
§ Measurement in one subsystem immediately affect the other, even if they are

causally disconnected
§ Concurrence C a convenient measure of entanglement, with C ‰ 0 for entangled

systems.
pCpρqq

2
ě 2max

!

0, rρ2s ´ rpρAq
2
s, rρ2s ´ rpρBq

2
s

)

” C2
LB ,

pCpρqq
2

ď 2min
!

1 ´ rpρAq
2
s, 1 ´ rpρBq

2
s

)

” C2
UB .

§ CUB “ 0 separable states and CLB ą 0 entangled states
(Mintert, Buchleitner 2007)
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pp Ñ 4ℓ: Leading Order
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§ 81 GeV ă mℓ`ℓ´ ă 101 GeV.
§ Central Z bosons (small | cos θCM|)

exhibit stronger entanglement.
(Gonçalves, AK, Krauss, Navarro ’25)
See also: Barr 2106.01377, Saavedra
et al 2209.13441, Maltoni et al
2307.09675, Fabbrichesi et al
2302.00683, Fabbri et al 2307.13783...
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pp Ñ 4ℓ: NLO QCD
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(Gonçalves, AK, Krauss, Navarro 2025)
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pp Ñ 4ℓ: NLO EW

§ Density matrix must satisfy:
1. Unit Trace: Trpρq “ 1
2. Hermitian: ρ: “ ρ
3. Positive semi-definite: ψρψ ě 0

§ Spin analyzing factor ηℓ

ηℓ “
1 ´ 4 sin2 θW

1 ´ 4 sin2 θW ` 8 sin4 θW
.

§ 4% shift in sin2 θW can induce
ηNLO
ℓ

ηLO
ℓ

« 0.66

§ NLO-EW effects can be partially
absorbed into sin2 θℓeff

(Gonçalves, AK, Krauss, Navarro 2025)
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h Ñ e`e´µ`µ´ at leading order

§ Density matrix strongly constrained by symmetries
of decay (spin 0 Higgs boson)

§ Due to conservation of angular momentum and parity only
two independent parameters

§ C2,2,2,´2 ‰ 0 or C2,1,2,´1 ‰ 0 implies entanglement
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(Saavedra, Bernal, Casas, Moreno ’22, Gonçalves, AK, Krauss, Navarro ’25)
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h Ñ e`e´µ`µ´ at NLO-EW
§ While NLO EW corrections on partial width are only 1.4%, there are

sizable effects on angular coefficients

(Gonçalves, AK, Krauss, Navarro 2025)
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h Ñ e`e´µ`µ´ at NLO-EW
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§ Projecting original density matrix to a nearest positive semi-definite Hermitian
matrix with unit trace ρproj,
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(Gonçalves, AK, Navarro 2025)
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h Ñ e`νeµ
´ν̄µ at NLO-EW
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§ |mW1 ´ mW | À 10 GeV and
10 GeV À mW2 À 40 GeV.

§ New angular coefficients acquire
nonzero value

§ Mild corrections to angular coefficients
of upto 5%

(Gonçalves, AK, Navarro 2025)
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h Ñ ℓ`ℓ´qq̄

§ In h Ñ V V ˚, the off-shell V have a scalar component to its propagator:

´gµν `
qµqν

m2
V

“

ˆ

´gµν `
qµqν

q2

˙

l jh n

spin-1 component

`

ˆ

qµqν

q2
´

qµqν

m2
V

˙

l jh n

spin-0 component

When coupled to fermions, the contribution of scalar component is Opm2
f{m2

V q.
§ Requiring the hadronic bosons to be on-shell |mVhad

´ mV | ă 10GeV
§ To suppress diagrams with quarks from Yukawa couplings and leptons from Z{γ

radiation, we require mℓℓ ą 20 GeV.
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h Ñ ℓ`ℓ´qq̄ at NLO EW
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§ NLO-EW contribution can reach upto Op20%q.
§ No sign flip for the L “ 1 coefficients.
§ Reconstructed density matrix is more stable than fully-leptonic.

(Gonçalves, AK, Navarro 2026)
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Summary
§ Higher-order effects can challenge the two-qutrit interpretation of
h Ñ e`e´µ`µ´; however, fully leptonic h Ñ WW ˚ and semi-leptonic
h Ñ ZZ˚, WW ˚ channels remain well described by an effective two-qutrit state.

§ Quantum tomography serve as powerful tool for precision measurements and
searches for new physics

Thank You
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h Ñ e`e´µ`µ´ at leading order
§ Density matrix strongly constrained by symmetries

of decay (spin 0 Higgs boson)
A1

20 “ A2
20 ‰ 0,

C1,1,1´1 “ C1,´1,1,1 “ ´C2,1,2,´1 “ ´C2,´1,2,1 ‰ 0,

C2,2,2,´2 “ C2,´2,2,2 “ ´C1,0,1,0 “ 2 ´ C2,0,2,0 ‰ 0,

A2,1
20?
2

` 1 “ C2,2,2,´2,
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h Ñ ℓ`ℓ´qq̄ at NLO QCD
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§ Effects only hadronic side
§ New nonzero coefficients.
§ Sensitivity to the choice of jet radius.

(Gonçalves, AK, Navarro 2026)
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