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𝐻 → 𝜏+𝜏−



Outline of talk

❖ The EPR argument

❖ CHSH inequality in Local hidden variable theory and in QM

❖ Bell inequality in 𝐻 → 𝜏+𝜏− at high energy lepton colliders

❖ Result

❖ Conclusion



“If, without in any way disturbing a system, we can predict with certainty (i.e. with 
probability equal to unity) the value of a physical quantity, then there exist an element of 
physical reality corresponding to this physical quantity”  

Einstien, Podolski and Rosen, 1935 

❑ Reality

(On based of criteria of physical reality, they argued that QM was not a complete theory)

Ex:   In QM, in the case of two physical quantities described by non-commutating operators, the  knowledge of (say, spin 
component in x direction) makes impossible the knowledge of the other (y, z component of the spin ). 

EPR argue on that: In QM

Either the description of reality given by the wave function is not complete.

Or, these two quantities cannot have simultaneous reality.

❑ Locality 
( The result of a measurement on one system be unaffected by operations on a distant system with which it has interacted in  
the past )

The EPR argument

QM violates both local and real requirements



❖ As per EPR, the QM behavior could be explained by additional variables called Local Hidden variables 
(LHV). These would restore locality and causality to the theory (and they demonstrated it for the Stern 
Gerlach experimental observations).

❖ It seems difficult that time to experimentally discriminate QM and general hidden variable theories.

❖ In 1964, John Bell, made a fundamental contribution, showing that no deterministic hidden variable 
theory can reproduce al the statistical predictions of quantum mechanics(1964) derived simple 
inequalities that can discriminate QM from any local-real hidden variable theories: Bell inequalities

❖ He showed we can’t explain all QM statistical predication by LHV, it can be easily show mathematically
for maximally entangled states.

I will go through this step by step:
1. What is an entangled state
2. What is the Bell inequality

The EPR argument



Entanglement



CHSH inequality [Clauser, Horne, 
Shimony, Holt, 1969]



CHSH inequality in LHV Theories



CHSH inequality in QM
▪ Lets consider an QM wavefunction of singlet state of two spin ½ particles



Q: Could we check this experimentally?      



A: We already has been observed Bell inequality violation (𝑅𝐶𝐻𝑆𝐻 ≥ 1) 
in low energy experiments:

▪ Entangled photon pairs (from decays of Calcium atoms) 
Crauser, Horne, Shimony, Holt (1969), Freedman and Clauser (1972), A. Aspect et. al.  
(1981, 1982), Y. H. Shih, C. O. Alley (1988), L. K. Shalm et al. (2015) [5σ] 

▪ Entangled proton pairs (from decays of 2𝐻𝑒) 
M. M. Lamehi-Rachti, W. Mitting (1972), H. Sakai (2006) 

▪ 𝐾0 ഥ𝐾0, 𝐵0 ത𝐵0 flavour oscillation        
CPLEAR (1999), Belle (2004, 2007) 



Can we test Bell inequality violation (𝑅𝐶𝐻𝑆𝐻 ≥ 1) and 
entanglement at High energy colliders?

• Entanglement in pp → tt ¯ @ LHC – Y. Afik, J. R. M. de Nova (2020)

• Bell inequality test in pp → tt ¯ @ LHC      M. Fabbrichesi, R. Floreanini, G. Panizzo (2021) C. Severi, C. D.
Boschi, F. Maltoni, M. Sioli (2021) J. A. Aguilar-Saavedra,
J. A. Casas (2022)

• Bell inequality test in H → WW* @ LHC – A.J. Barr(2021)

We are interested in study of Quantum property test in H → τ τ 
@ high energy colliders e+ e−



Density matrix



Density matrix
Spin 1/2 biparticle system 

Once we know C matrix. We can compute different quantum information like Entanglement etc.
Q: How to compute C matrix in high Energy Physics?





Density matrix of 𝐻 → 𝜏+𝜏−

The spin density matrix for the two taus in 𝐻 → 𝜏+𝜏− is given by

Using spin density matrix 
we can compute B and C 
matrix

SM (δ)=0



Density matrix of 𝐻 → 𝜏+𝜏−

The spin density matrix for the two taus in 𝐻 → 𝜏+𝜏− is given by

Using spin density matrix 
we can compute B and C 
matrix



Spin-correlation matrix and CHSH in lepton collider
• Let’s suppose a spin 1/2 particle τ is at rest and spinning in the s direction

• τ- decays into a measurable particle 𝜋𝜏− and neutrino.

• The decay distribution is generally given by

• መ𝐼𝜏 Is a unit direction vector of pion of tau+ measured at the rest frame of tau.

• x ∈ −1,1 𝑖𝑠 𝑐𝑎𝑙𝑙𝑒𝑑 𝑠𝑝𝑖𝑛 − 𝑎𝑛𝑎𝑙𝑦𝑠𝑖𝑛𝑔 𝑝𝑜𝑤𝑒𝑟. And it depends on decay mode. For 𝜏− → 𝜋− + 𝜗𝜏 x=1

• We can show for 𝜏− + 𝜏+ → (𝜋𝜏−+𝜗𝜏) + (𝜋𝜏++ 𝜗𝜏)  and   and 



Spin-correlation matrix and CHSH in lepton collider

❖ we define Helicity basis at the Higgs rest frame
r ≡ (h − k cos θ)/ sin θ



➢Entanglement

• A simple sufficient condition for entanglement is:

𝐸 ≡ 𝐶11 + 𝐶22 − 𝐶33 > 1 J. A. Aguilar-Saavedra and J. A. Casas 2022 

➢Steerability

• For unpolarized cases,< Ƹ𝑠𝑖
𝐴 >=< Ƹ𝑠𝑖

𝐵 ≥ 0, a necessary and sufficient condition for steerability is 
given by:      [Jevtic, Hall, Anderson, Zwierz, Wiseman 2015]

➢Bell-inequality Violation
• It can be directly calculated using unit direction of pion measured at the rest frame of tau, once he unit 

vectors( ො𝑎, ො𝑎′, 𝑏, 𝑏′) are fixed.

What do we want to study?





Quantum information of 𝐻 → 𝜏+𝜏− in Standard Model



• At LHC, main production mode is 𝑔 𝑔 → 𝐻 → 𝜏−𝜏+, which is loop-induced. 

• Final state 𝜏−𝜏+ have large background due to tree-level 𝑞 ത𝑞 → Z* → 𝜏−𝜏+.

• The main handle for signal/background is the invariant mass of the visible decay products of two 
taus, due to neutrinos in tau decays, invariant mass have long tails and therefore signal and 
background overleap.

• At Lepton colliders, main production channel near threshold is 𝑒−𝑒+ →ZH, and main background 
is 𝑒−𝑒+ →Z 𝜏−𝜏+, where pair of taus comes from an offshell photon.

• We know initial 4-momentum, can reconstruct Higgs momentum, independent from Higgs decay  
mode.

𝐻 → 𝜏+𝜏− 𝑎𝑡 𝐿𝑒𝑝𝑡𝑜𝑛 𝑐𝑜𝑙𝑙𝑖𝑑𝑒𝑟𝑠



• Second advantage, ability of reconstructing two tau momenta by 
solving kinematical constraints because we know initial state 4-
momentum with good precision.

• This is important for the C-matrix measurement and bell inequality 
test based on angular distributions of 𝜋+and 𝜋− in tau rest frame.

• Since taus are heavily boosted a small error on the tau momentum 
leads to a large error on the angular distribution

• Precise reconstruction of the tau momenta is therefore crucial for the 
C-matrix measurement and Bell inequality test

𝐻 → 𝜏+𝜏− 𝑎𝑡 𝐿𝑒𝑝𝑡𝑜𝑛 𝑐𝑜𝑙𝑙𝑖𝑑𝑒𝑟𝑠



𝐻 → 𝜏+𝜏− 𝑎𝑡 𝐿𝑒𝑝𝑡𝑜𝑛 𝑐𝑜𝑙𝑙𝑖𝑑𝑒𝑟𝑠







Impact parameter effect













Thank you for the attention!














