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            Quantum entanglement



  

Quantum entanglement gives rise to the stronger spin correlations than those expected 
in the classical theory, among the states which once interacted but, being separated 
spatially, cannot interact now.

At colliders, the measurement takes place when the polarized particles decay and 
quantum entanglement is accessible through correlations among particle spins.
At colliders, the spin correlations are accessible 
through the distribution of the momenta of the 
final states into which the entangled particles 
decay



  

At the 
LHC:
near the tt̄ 
production 
threshold

at high tt̄ 
invariant 
masses

… with a significance exceeding 5σ



  

           Entanglement quantifiers



  

The spin density matrix  of a two-qubit system which 
describes production of a pair of top-antitop quarks:  
      1 (normalization :  Tr[rho] = 1) 
      + 6 (polarizations) + 9 (spin correlations) = 16

Given the spin density matrix,  quantum entanglement and 
violation of the Bell inequality can be readily evaluated !



  

Peres-Horodecki criterion : Negativity

Concurrence

Clauser-Horne-Shimony-Holt (CHSH) inequality + Horodecki condition

r1,2,3,4 with r1 ≥ r2,3,4 are the square 
roots of nonnegative eigenvalues of

m1 ≥ m2 ≥ m3 are the 
three eigenvalues of the 
symmetric matrix

C : the 3 × 3 spin correlation 
matrix appearing in

m12



  

Entanglement marker D

D = Tr[C]/3 when the diagonal components of the 3 × 3 correlation matrix C are all negative

 ... adopted by 
ATLAS & CMS near 
the tt̄  threshold



  

(repeat) Given the spin density matrix,  quantum entanglement 
and violation of the Bell inequality can be readily evaluated by 
calculating Negativity N, Concurrence C, Bell nonlocality 
parameter m12, and/or Entanglement marker D !

 … then how to calculate the spin density matrix ?



  

               Spin density matrix of 
             a two-qubit system



  

Process:



  

Helicity amplitude:



  

Spin density matrix in the n-r-k basis: Results



  

The hatted 16 polarizations coefficients  in terms of the reduced amplitudes:

unpolarized differential 
cross section



  

Explicitly: 

We have developed the amplitude-level formalism for a spin density matrix of a two-qubit 
system which is almost process- and model-independent and applicable to other processes 
and to new-physics searches beyond the SM. It also helps to classify the spin density matrix 
by P, CP, and CPT~ parities. 



  

           Photon collider : not dead !
Even recently…. 



  

A photon linear collider, the two-photon collision mode of an e+ e− linear collider, uses 
high-energy laser photons backscattered off the incoming electrons and positrons.

Machine parameter



  

The photon-photon 
luminosity

where τ ≡ /s with  being the c.m. energy of colliding photons γ1 and γ2ŝ ŝ



  

Helicity-
dependent 
luminosities:
peaks near 
sqrt(τ) ≃ 0.8 
when 
(λ1 , λ2 ) = 
(Pe , e ) !!!P̃

weight functions



  
average luminosity unpolarized luminosity: independent 

of the colliding photon helicities 



  

More than 70% of the colliding photons carry the 
helicities of the initial electron and positron 
beams within the kinematic region :

This interval corresponds to
                      340 (680) ≲ /GeV ≲ 410 (820) ŝ
for sqrt(s) = 500 (1000) GeV, spanning energies 
near (well above) the tt̄ threshold 2Mt .



  

                            Results
The spin density matrix is a function of cos Θ and   ŝ and, when they are given,  one can 
calculate the entanglement quantifiers and identify the entangled/nonlocal regions once we 
know how to handle the spin density matrix with the colliding photons polarized



  

  Spin density matrix with polarized colliding photons
The 16 polarization coefficients The luminosity-weighted polarization coefficients

** unpolarized case:
** perfectly polarized case:

all the same

only one is nonvanishing



  

     Unpolarized colliding photons: a reference



  

      Polarized colliding photons with sqrt{s}= 500 GeV 

Quantum entanglement AND Bell nonlocality are observable 
throughout the entire (cos Θ, ) plane!ŝ



  



  

 Polarized colliding photons with sqrt{s}= 1 TeV 

Quantum entanglement and Bell nonlocality are observable 
throughout the broader (cos Θ, ) region !ŝ



  



  

 Comparisons: 



  

   Conclusions
A photon linear collider is an ideal machine to probe quantum 
entanglement and Bell nonlocality thanks to its capability to control 
the polarizations of the colliding photons which can significantly
enhance the magnitudes of the quantum entanglement quantifiers. 
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