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1925: Werner Heisenberg revolutionized the understanding    
                              of the sub-atomic world.
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2025

1926: Ervin Schroedinger established the wave equation,
coined “quantum entanglement”

I. Introduction



Quantum Entanglement
Prof. Bertlmann’s socks:

pink or non-pink 

QM superposition: For a bipartite system, i.e., ½⊗½ = 1⊕0 : 
       Singlet:                          
       Triplet: 

Quantum entanglement à 
sub-systems inseparable, even in a space-like separation. 

Entangled 
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Classical correlation, local, 
probabilistic, mutual info.
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Einstein-Podolsky-Rosen
Paradox (EPR)

à Second Quantum Revolution: QIS
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Nobel Prize in Physics 2025

à Quantum computer?



“Quantum mechanics describes nature as 
absurd from the point of view of common sense 
And yet it fully agrees with experiment. So I 

hope you can accept nature as She is - absurd.”
-- Richard Feynman
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Macroscopic Quantum Phenomena:
• Superconductivity, superfluidity 
• Bose-einstein condensation 

Quantum technology:
• MRI, NMR, Laser
• Semiconductors, fast electronics, computers  
“Second Quantum Revolution”:
• Quantum sensors, quantum communication
• Quantum simulations, quantum computer

Quantum Mechanics / QFT continues to push the 
boundary of human knowledge!



II. Setting the Stage: Quantum Tomography
For a state vector

For a pure state: ni =1;  for a mixed state: #i ni =1.
For a single qubit (i.e., a doublet of spin, iso-spin etc.):
    

    in terms of Bloch vector Bi:

For a bipartite system (i.e., ½⊗½) 

Bi
A,B the polarizations, Cij the spin-correlation matrix. 

The 15 coefficients for the bipartite à Quantum Tomography 
which encodes the full quantum information.

Straightforward to generalize to qu-trits, qu-dits … 

a state                an observable
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Quantum Entanglement
Peres-Horodecki Criterion: the concurrence,

that can be written in Ci , the eigenvalues of Cij : 

John Bell’s Inequality
Alice & Bob’s two correlated measurements can be cast to  

Clauser-Horne-Shimony-Holt form, that classical/LHVT satisfies:

Bell non-local: 



Quantum Information Observables
With the quantum tomography Cij :
à much more quantum information.

• “Discord”: the difference between the 
total mutual information I($) and the 
classical mutual information J($A) 

                    0< D($A)=I($) - J($A) <1
• “Magic”: non-stabilizerness for quantum computing 
    (a stabilizer state can be effectively simulated classically) 
     The second stabilizer Renyi entropy:

… … 9

• Entropy à “randomness” 
    Classically: Shannon entropy 
   

    QIS: Von Neumann entropy



Disclaimer: 
We Do Not Set up to Exclude LHVT
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John Bell’s setting: Alice & Bob free will experiments

HEP experiments: intrinsically QM!
• Probabilistic distribution in space-time (not by Alice & Bob)
• Classical observables: E, p, tracks, angles …

https://www.google.com/url?sa=i&url=https%3A%2F%2Fnewatlas.com%2Fphysics%2Fcern-higgs-boson-dark-matter-source%2F&psig=AOvVaw0umhFdsmt4e7Q40jGlGM8W&ust=1726826733398000&source=images&cd=vfe&opi=89978449&ved=0CBEQjRxqFwoTCLjp0KjhzogDFQAAAAAdAAAAABAa


Our goals: 
In the framework of QFT, 
unprecedented relativistic regime at colliders:
• We lay out the QM predictions
• Perform quantum tomography
• Construct quantum information obsrvables:
     Entanglement, Bell variables, Discord, Magic …
• Understand deep quantum nature 
     at this unprecedented regime & seek for BSM effects.

III. QIS in Collider Experiments
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Afik and Munoz de Nova, arXiv:2003.02280;
M. Fabbrichesi et al., arXiv:2102.11883;
A. J. Bar et al., arXiv:2106.01377 … … 

Much recent enthusiasm & interests!



Both inherit the SAME quantum information!

Two paths to proceed to quantum tomography;
Kinematics:                                   Decay:   

• All “classical observables”: energy, angles …
• Random events in space-time. 
• Follow QM production/decay prediction. 
     thus statistically: “fictitious states”!

Quantum Tomography @ Colliders

Y. Afik, J. de Nova, arXiv:2003.02280; K. Cheng, TH, M. Low, arXiv:2407.01672.  
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(1). Top-pair & spin correlation
     

decaying to A1,2,3 , B1,2,3
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performing top-pair tomography! 



(2). Kinematic Approach for 2 à 2 Production

All Cij encoded in the 
production kinematics:
% & &=(1-4mt

2/mtt
2)1/2

K. Cheng, TH, M. Low, 2410.08303.  

14

triplet

singlet



Theory & Observation:

Threshold:
singlet dominance

Boosted:
triplet dominance

• Highly boosted:
Low rate, high sensitivity 

• Threshold: 
high rate, low sensitivity

(Many theory papers; ATLAS & CMS publications.)

for entanglement
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CERN press release on Sept. 19, 2024

16Rep. Prog. Physics 87 (2024) 117801

hint for !t
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Quantum Discord in top pairs
(beyond the classical mutual information)

 0< D(!A)=I(!) - J(!A) <1

TH, M. Low, S. Su, arXiv:2407.01672.  

threshold

boosted

separable
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“Magic” in top pairs

M2

White, White, arXiv:2406.07321  

Computational advantage a quantum 
computer over a classical computer: 

Entanglement doesn’t 
dictate Magic!
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BSM Contributions: SMEFT 

M2(SMEFT ctG) – M2(SM)

R. Aoude et al. , 
arXiv:2505.12522  

Percentage 
Modifications feasible

cos"

C. Severi, E. Vryonidou 
arXiv:2210.09330 

Quantum tomography



20

IV. Quantum Tomography of a Fermion    
      Pair in Polarized

Effective couplings
for polarized beam RL, LR:

Spin correlation:

ff polarizations:

Concurrence                      & Bell:

Magic:

Y.—C. Guo, TH, M. Low, Y. Su, arXiv:2602.02719.  
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(1).                the threshold and well above

• No entanglement near threshold, 
     nor in backward/forward scattering
• Maximum at 
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Full tomography in 

RL ßà LR flip f-polarization B;          Cij insensitive to RL

• Entanglement local max à Magic local min!
• Magic twin-peak around local min 
• Zero entanglement may have non-zero magic!



23

(2).                              at the Z pole & beyond

QED symmetric

EW chiral, 
asymmetric

• '+'- polarizations correlated w. entanglement 
• Max entanglement à low magic



For a neutral meson – anti-meson system:
                such as

  

       we can treat them as 2-qubit systems: 

V. Quantum Tomography in flavor space
K. Cheng, TH, M. Low, A. Wu, arXiv:2507.12513  

<latexit sha1_base64="LO+bq9OwXv6akBzN6zChnp/IsA0=">AAAB/XicbVDLSgMxFL1TX7W+Rl0KEiyCG8uMSHVZdONGqGAf0Kklk2ba0ExmSDJCaYsbf8WNiBsFf8Ff8G9M2wFp64HA4ZwT7r3HjzlT2nF+rMzS8srqWnY9t7G5tb1j7+5VVZRIQisk4pGs+1hRzgStaKY5rceS4tDntOb3rsd+7ZFKxSJxr/sxbYa4I1jACNZGatmHw9sHx5NYdDhFp2jo+ViiP6ll552CMwFaJG5K8pCi3LK/vXZEkpAKTThWquE6sW4OsNSMcDrKeYmiMSY93KGDyfYjdGykNgoiaZ7QaKLO5HCoVD/0TTLEuqvmvbH4n9dIdHDZHDARJ5oKMh0UJBzpCI2rQG0mKdG8bwgmkpkNEeliiYk2heXM6e78oYukelZwi4Xi3Xm+dJWWkIUDOIITcOECSnADZagAgWd4hQ/4tJ6sF+vNep9GM1b6Zx9mYH39At9LlAM=</latexit>

|M0i � |M̄0i
<latexit sha1_base64="yEmkFUgN6R790j8y93nmXuY1Tk4=">AAACQnicbZDNSwJBGMbftS+zr62OXYYk6GCyG2EdxToEXQzSBNdkdhx1cPaDmdlA1P+uQ/0J/QtdIroUdGjUhdTthYGH3/MMM+/jhpxJZVmvRmppeWV1Lb2e2djc2t4xd/eqMogEoRUS8EDUXCwpZz6tKKY4rYWCYs/l9N7tXY79+0cqJAv8O9UPacPDHZ+1GcFKo6ZJhqUHyxHY73CKTtDQcbFAMyiHHDS8SkZmUE4nbpKJP9Q0s1bemgxKCjsWWYin3DSfnVZAIo/6inAsZd22QtUYYKEY4XSUcSJJQ0x6uEMHkwpG6EijFmoHQh9foQmdy2FPyr7n6qSHVVcuemP4n1ePVPuiMWB+GCnqk+lD7YgjFaBxn6jFBCWK97XARDD9Q0S6WGCidOsZvbq9uGhSVE/zdiFfuD3LFktxCWk4gEM4BhvOoQjXUIYKEHiBd/iCb+PJeDM+jM9pNGXEd/ZhboyfX8bZrSU=</latexit>

|B0i � |B̄0i, |D0i � |D̄0i, |K0i � |K̄0i
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*   The density matrix for a flavor-qubit: 

*   The density matrix for a 2-qubit system:

Bloch vectors Ri
A,B correlation Cij specify quantum tomography.



<latexit sha1_base64="Mv7inpq7C5/BihL75zhkjfBReVg=">AAAB/HicbVDLSgMxFL1TX7W+Rl2KECyCCykzItVl0Y0boYJ9QKeWTJppQzOZIckIpa0bf8WNiBsFv8Ff8G9M2wFp64HA4ZwT7r3HjzlT2nF+rMzS8srqWnY9t7G5tb1j7+5VVZRIQisk4pGs+1hRzgStaKY5rceS4tDntOb3rsd+7ZFKxSJxr/sxbYa4I1jACNZGatmHw9sHx5NYdDg9RUPPxxL9KS077xScCdAicVOShxTllv3ttSOShFRowrFSDdeJdXOApWaE01HOSxSNMenhDh1Mlh+hYyO1URBJ84RGE3Umh0Ol+qFvkiHWXTXvjcX/vEaig8vmgIk40VSQ6aAg4UhHaNwEajNJieZ9QzCRzGyISBdLTLTpK2dOd+cPXSTVs4JbLBTvzvOlq7SELBzAEZyACxdQghsoQwUIPMMrfMCn9WS9WG/W+zSasdI/+zAD6+sXguOT2A==</latexit>

|M0i, |M̄0i•             State evolution:

Oscillatory Precession solution:

Thus: Ry
init (0) or Rz

init (0) à Ry, z(t), but not Rx(t).
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(like an LC circuit)

• Decaying to CP eigen-states (e.g.,                  ):<latexit sha1_base64="oGR75WQLhY/Ehye4dT/EYi/KaiU=">AAAB8XicbVDLSgMxFL1TX7W+xrp0EyyCqzojUl2WuhHdVLQP6NQhk2ba0MxMSDJiKf0QNyJuFPwRf8G/MW1n0+qBwOGcE+49NxCcKe04P1ZuZXVtfSO/Wdja3tnds/eLTZWkktAGSXgi2wFWlLOYNjTTnLaFpDgKOG0Fw6up33qiUrEkftAjQbsR7scsZARrI/l2sfboeDpBN6eeUMxDt/69b5ecsjMD+kvcjJQgQ923v71eQtKIxppwrFTHdYTujrHUjHA6KXipogKTIe7T8WzjCTo2Ug+FiTQv1mimLuRwpNQoCkwywnqglr2p+J/XSXV42R2zWKSaxmQ+KEw5MhWn9VGPSUo0HxmCiWRmQ0QGWGKizZEKprq7XPQvaZ6V3Uq5cndeqtayI+ThEI7gBFy4gCpcQx0aQOAZXuEDPi1lvVhv1vs8mrOyPwewAOvrF9QMjt4=</latexit>

B0 ! J/ KS

(like an RC circuit)

Thus Rx(t) determined à full quantum tomography Ri(t)!



Reconstruction of quantum tomography 
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K. Cheng, TH, M. Low, A. Wu, arXiv:2507.12513  



Quantum Information in MM system
Quantum tomography Cij à much more quantum information:

Bell inequality violation in QM:
“Concurrence”: (entanglement CHSH): 0< C($) <1

“Discord”: the difference between the total mutual information 
and the classical mutual information 
(Shannon entropy vs Von Neumann entropy)   0< D($A) <1

“Magic”>0: non-stabilizerness for quantum computing 
(stabilizer Renyi entropy) :  M = -log2[#($)]

_
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At the LHC:
• Higgs à !+!-, W+W-*, ZZ*, … (J=0)
• Drell-Yan Z à "+ "-, !+ !- … (J=1)
• Qutrits: WWZ, WW#, … 4 tops …
At lepton colliders:
• e+ e- à "+ "-, !+ !- , t t, W+W-, ZZ, …
• e± p à e± p and e± q  (EIC, LHeC)
• tau-charm factory
• Polarizations help à transverse unique!
Flavor oscillations: (CP violation)
• Kaon factory
• B-factories

A lot more to do

And more QI variable to construct!
Explore the nature of decoherence / BSM.



VI. Conclusions 

QIS @ colliders à New observables & rich physics!

• Collider experiments produce a large number of 
quantum states at the unprecedented energy regime.

• Perform the quantum tomography & QI: 
Entanglement, Bell variables, Discord, Magic …

• Two paths to quantum tomography @ colliders: 
    à Decay & without decay   
• Flavor oscillations/decays new avenue to QI.
• Understand quantum & seek for BSM effects.
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arXiv:2504.00086  


