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Experimental Observation

Dilepton channel at tt threshold 
Afik, Nova ’21; ATLAS Nature vol 633, 542–547 (2024), CMS 2406.03976

Lepton+jets channel at boosted regime: CMS 2409.11067

Dong, DG, Kong, Navarro 2305.07075; Han, Low Wu 2310.17696 
Entanglement above 5σ level, in agreement with theory expectations: 

Two-qubit entanglement:
 First observation of entanglement in a pair of 
quarks and the highest-energy observation

Two-qutrit entanglement:

Barr ’21, ATLAS arXiv:2603.26463, CMS-PAS-HIG-25-011

See talks by F. Maltoni & R. Demina
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Precision
Physics BSM Searches

Quantum Tomography



Dorival Gonçalves Pheno - 05.12.2026

Diboson as a two-qutrit system 

The most general two-qutrit system can be represented by 

Quantum tomography
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Quantum Entanglement

<latexit sha1_base64="pZHHBHLm6+mn88ANwHbFKQOwGKg="></latexit>

A quantum state of two subsystems A and B is separable when its density
matrix ⇢ can be expressed as a convex sum

<latexit sha1_base64="+RDQhEMWiE6DfnBBlvIdMjxfxBI=">AAACEXicbVC7TsMwFHXKq5RXgJHFoqrUqUqQeCxIpSyMRaIPqWkjx3Vaq3Yc2Q5SVfUXWJj5CxYGEGJlYwE+hB2n7QCFI1k695x7dX1PEDOqtON8WpmFxaXllexqbm19Y3PL3t6pK5FITGpYMCGbAVKE0YjUNNWMNGNJEA8YaQSD89RvXBOpqIiu9DAmbY56EQ0pRtpIvl30ZF+ceirhPoWxT9PSP+tQ6AlNOVFwIlQ61LfzTsmZAP4l7ozky4Wvj/e7XK/q229eV+CEk0hjhpRquU6s2yMkNcWMjHNeokiM8AD1SMvQCJlt7dHkojEsGKULQyHNizScqD8nRogrNeSB6eRI99W8l4r/ea1EhyftEY3iRJMITxeFCYNawDQe2KWSYM2GhiAsqfkrxH0kEdYmxJwJwZ0/+S+pH5Tco9LhpZsvV8AUWbAH9kERuOAYlMEFqIIawOAG3INH8GTdWg/Ws/Uybc1Ys5ld8AvW6zetOKFS</latexit>

⇢ =
P

i pi⇢
i
A ⌦ ⇢iB

If the state is not separable, it is named entangled

Measurement in one subsystem immediately affect the other, even if they are causally disconnected
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Quantum Entanglement

<latexit sha1_base64="pZHHBHLm6+mn88ANwHbFKQOwGKg="></latexit>

A quantum state of two subsystems A and B is separable when its density
matrix ⇢ can be expressed as a convex sum

<latexit sha1_base64="+RDQhEMWiE6DfnBBlvIdMjxfxBI=">AAACEXicbVC7TsMwFHXKq5RXgJHFoqrUqUqQeCxIpSyMRaIPqWkjx3Vaq3Yc2Q5SVfUXWJj5CxYGEGJlYwE+hB2n7QCFI1k695x7dX1PEDOqtON8WpmFxaXllexqbm19Y3PL3t6pK5FITGpYMCGbAVKE0YjUNNWMNGNJEA8YaQSD89RvXBOpqIiu9DAmbY56EQ0pRtpIvl30ZF+ceirhPoWxT9PSP+tQ6AlNOVFwIlQ61LfzTsmZAP4l7ozky4Wvj/e7XK/q229eV+CEk0hjhpRquU6s2yMkNcWMjHNeokiM8AD1SMvQCJlt7dHkojEsGKULQyHNizScqD8nRogrNeSB6eRI99W8l4r/ea1EhyftEY3iRJMITxeFCYNawDQe2KWSYM2GhiAsqfkrxH0kEdYmxJwJwZ0/+S+pH5Tco9LhpZsvV8AUWbAH9kERuOAYlMEFqIIawOAG3INH8GTdWg/Ws/Uybc1Ys5ld8AvW6zetOKFS</latexit>

⇢ =
P

i pi⇢
i
A ⌦ ⇢iB

If the state is not separable, it is named entangled

A convenient metric for entanglement is Concurrence (C≠0 is entangled)

Bounds on C(ρ) can be employed to estimate entanglement:

CLB>0: entangled states

CUB=0: separable states

Mintert, Buchleitner (PRL, 2007)
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Entanglement estimates @LO:
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DG, Kaladharan, 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 
Bernal et al 2307.13496

Saavedra 2403.13942
Sullivan 2410.10980
Pelliccioli et al 2409.16731
Gratta et al 2504.03841
…

Diboson as a two-qutrit system 
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Sizable NLO QCD corrections

Crucial effects for precision measurements and 

new physics studies (EFT analyses,…)

DG, Kaladharan, Krauss, Navarro ’25 
Grossi, Pelliccioli, Vicini ‘24

Angular coefficients work as analyzers of the underlying production dynamics 

NLO QCD:

Quantum Entanglement is Quantum
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DG, Kaladharan, Krauss, Navarro ‘25

Quantum Entanglement is Quantum

NLO QCD:
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Saavedra, Bernal, Casas, Moreno 22’

matrix depend on just two independent parameters

DG, Kaladharan, Krauss, Navarro ‘25

 at LO
<latexit sha1_base64="0eHFYUoJt4Dx7n4NuCkUaYpXkYI=">AAACE3icbVDLSsNAFJ3UV62vqLhyEyyCUFoSkeqy6MZlBfuAJi2T6W07dDIJMxOhhH6GH+BWP8GduPUD/AJ/w0mbhbY9MMPhnHuZM8ePGJXKtr+N3Nr6xuZWfruws7u3f2AeHjVlGAsCDRKyULR9LIFRDg1FFYN2JAAHPoOWP75L/dYTCElD/qgmEXgBHnI6oAQrLfXMk5GrQgu6JeiW3SDultKr3DOLdsWewVomTkaKKEO9Z/64/ZDEAXBFGJay49iR8hIsFCUMpgU3lhBhMsZD6GjKcQDSS2bxp9a5VvrWIBT6cGXN1L8bCQ6knAS+ngywGslFLxVXeZ1YDW68hPIoVsDJ/KFBzCz947QLq08FEMUmmmAiqM5qkREWmCjd2MoEBd2Ms9jDMmleVpxqpfpwVazdZh3l0Sk6QxfIQdeohu5RHTUQQQl6Qa/ozXg23o0P43M+mjOynWP0D8bXLzZrna4=</latexit>

h → e+e→µ+µ→
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: NLO EW Corrections
<latexit sha1_base64="0eHFYUoJt4Dx7n4NuCkUaYpXkYI=">AAACE3icbVDLSsNAFJ3UV62vqLhyEyyCUFoSkeqy6MZlBfuAJi2T6W07dDIJMxOhhH6GH+BWP8GduPUD/AJ/w0mbhbY9MMPhnHuZM8ePGJXKtr+N3Nr6xuZWfruws7u3f2AeHjVlGAsCDRKyULR9LIFRDg1FFYN2JAAHPoOWP75L/dYTCElD/qgmEXgBHnI6oAQrLfXMk5GrQgu6JeiW3SDultKr3DOLdsWewVomTkaKKEO9Z/64/ZDEAXBFGJay49iR8hIsFCUMpgU3lhBhMsZD6GjKcQDSS2bxp9a5VvrWIBT6cGXN1L8bCQ6knAS+ngywGslFLxVXeZ1YDW68hPIoVsDJ/KFBzCz947QLq08FEMUmmmAiqM5qkREWmCjd2MoEBd2Ms9jDMmleVpxqpfpwVazdZh3l0Sk6QxfIQdeohu5RHTUQQQl6Qa/ozXg23o0P43M+mjOynWP0D8bXLzZrna4=</latexit>

h → e+e→µ+µ→

While NLO EW corrections on partial width are only ~1.4%, there are sizable effects on angular coefficients 
NLO-EW (Virtual)

NLO-EW (Virtual)

NLO-EW (Virtual)

DG, Kaladharan, Krauss, Navarro ’25; see also Gratta, Fabbri, Lamba, Maltoni, Pagani 25’; Saavedra, Giardino 26’
NLO EW is crucial for a robust BSM analysis
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h→ZZ* vs h→WW*

Projecting the original matrix to a well defined state (unit trace, hermitian, and positive eigenvalues) 
minimizing the Frobenius norm: 

DG, Kaladharan, Krauss, Navarro ’25 
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h→ZZ* vs h→WW*

Projecting the original matrix to a well defined state (unit trace, hermitian, and positive eigenvalues) 
minimizing the Frobenius norm: 

DG, Kaladharan, Krauss, Navarro ’25 

Higher-order corrections are channel dependent. 
What about the other relevant Higgs decays?



Dorival Gonçalves Pheno - 05.12.2026

h→ZZ* vs h→WW*

DG, Kaladharan, Navarro ‘25

Projecting the original matrix to a well defined state (unit trace, hermitian, and positive eigenvalues) 
minimizing the Frobenius norm: 

DG, Kaladharan, Krauss, Navarro ’25 

See A. Navarro’s talk for study of semi-leptonic  decaysh → ZZ*, WW*
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Summary

Precision
Physics

BSM 
Searches

Quantum 
Tomography

Sizable radiative corrections can 
significantly modify entanglement 
indicators and may challenge the 
interpretation of systems that 
appear well-defined at LO

Angular coefficients work as 
analyzers of the underlying 
production dynamics

Higher-order (QCD and EW) corrections to angular coefficients are crucial 
for precision measurements and new physics studies (EFT analyses,…)

Quantum tomography serve as powerful tool for precision measurements and searches for new physics
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Work in collaboration with

Alberto Navarro (SeoulTech)Ajay Kaladharan (ICPT-AP) Frank Krauss (IPPP-Durham)


