Quantum Non-locality at Colliders

MER - A%
bR K
30th Mini-workshop on the frontier of LHC

EPEIET %ft  May 23-26, 2025
In collaboration with Qiang Li, Andrew Levin, Ruobing Jiang, Youpeng Wu et al.

Based on JHEP 10 (2024) 211 & Phys.Rev.D 111 (2025) 3, 036008

2025/5/23 Qquantum Entanglemetn at HEP




A short history of quantum Entanglement (1)
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“Can Quantum Mechanical Description of
7 Spooky action! Physical Reality Be Considered Complete?”
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Quantum Mechanical Description of physics reality
described by wave function is not complete without a K Ensteln.  B.Podolkl 1. Roses
“hidden-variable theory”

Physical reality must be local! - Podolsky
EPR Paradox
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|E(a,b) + E(a,b') + E(a’,b) — E(a’,b)| < 2
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Observation by LHC experiments

ATLAS collaboration CMS collaboration
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) Two-qutrit : VV(ZZ, WW)

€ Bell-type inequality (CGLMP)

Is = PA=B)+P(Bi=4A1+1)+P(Aa=By)+P(Ba=4A)
—[P(AA=B1—-1)+P(Bi=4A3) +P(A2=B3—1)+P(By=4,-1)] <2

A.J. Barr et.al, Prog.Part.Nucl.Phys. 139

I3 = (Open) = Tr{p Opeu} <2 {2028 Mos1ed

€ Spin density matrix (SDM)
» Gell-Mann Parameterization

1
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> Irreducible Tensor Parameterization
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J.A Aguilar et.al
PhysRevD.107.016012
2025/5/23 Qquantum Entanglemetn at HEP



€ Large number of Higgs events from Vector Boson Fusion (VBF)
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u*u~ Higgs Production
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Quantum State Tomography (EFEZ47)

€ Differential Cross section: zz — £3 £7 ¢3¢, (parent particle’s rest frame)

J.A Aguilar et.al
PhysRevD.107.016012
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€ Statistical average over events gives the
polarization and correlation coefficients
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Reference frame: helicity basis

I39%

laboratory frame laboratory frame

¥ y
Higgs boson rest frame /L‘ /L‘
i=iXi . . i
\ ; \ Z
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Pze . Pz
—> 7 axis
o I :
Higgs CM frame L
P
I T axis
Z; CM frame Z, CM frame
_ sign(cosf) .. .
=T g (py —zcosd)

e The z axis is taken in the direction of the Z; three-momentum in the Higgs boson rest frame.

e The Z axis is in the production plane and defined as & = sign(cos@)(p, — cos0z)/sin 6, with
Pp = (0,0, 1) the direction of one proton in the laboratory frame, cos @ = 2 - p,. The definition
for z is the same if we use the direction of the other proton —p,.

e The ¢ axis is taken such that y = Z x Z, orthogonal to the production plane.
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* Quantum Stateof H —» ZZ
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Simulation Results from Madgraph

V5. TeV] o [tb] Luminosity Events
1 1.51 x 102 30 ab™! 455
3 3.56 x 1072 30 ab~ ! 1089
10 6.06 x 10~2 30 ab ! 1890

Invariant mass of four leptons

signal

€ On-shell and off-shell bosons are | Background: Dossoyoun
identified based on the invariant mass of I P
the lepton pairs. o

€ Almost background free. ool
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Numerical Results

& utu” - H - 4¢ Events
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The expectation value of Izas function of the off-shell Z mass M .
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Numerical Results

€ Entanglement criteria:

V5= 1 Tev V5 =3 TeV
Mz, (GeV) I3 Co1,2,-1 Co22,-2 Mz, (GeV) I3 Ca1.2,-1 Ch2.2,—2
0.000 2.563 +£0.325 —0.928 4+ 0.216 0.527 +0.164 0.000 2.467 +£0.217 —0.871 £0.121 0.493 + 0.377
10.000 2.596 £+ 0.335 —0.943 £+ 0.220 0.553 £0.179 10.000 2.499 £ 0.225 —0.891 £ 0.135 0.502 = 0.390
20.000 2.654 £+ 0.373 —0.977 4+ 0.248 0.574 +£0.192 20.000 2.538 £0.254 —0.908 £ 0.163 0.536 £ 0.365
30.000 2.663 £ 0.508 —0.979 4+ 0.334 0.589 £ 0.248 30.000 2.543 + 0.342 —0.890 +£0.216 0.606 + 0.423
Vs =10 TeV
Mz, (GeV) I3 Co1,2,-1 (22,2, -2
0.000 2.539 + 0.312 -0.930 £ 0.196 0.466 + 0.232
10.000 2.569 £ 0.295 -0.946 £+ 0.194 0.482 + 0.217
20.000 2.616 £ 0.321 -0.969 £+ 0.218 0.514 £+ 0.219
30.000 2.644 + 0.517 -0.943 £+ 0.334 0.527 £ 0.280
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- ® wo (b)
M; [GeV]|Zs |C212 1 |Caza 2
0 2.823 + 0.640(1.290) —1.080 + 0.420(2.570) 0.637 £ 0.559(1.140)
10 2.913 + 0.692(1.320) —1.126 + 0.451(2.500) 0.677 £ 0.598(1.130)
20 3.092 + 0.800(1.370) —1.225 + 0.514(2.380) 0.761 £ 0.734(1.040)
30 3.048 + 1.816(0.580) ~1.160 + 1.192(0.970) 0.875 + 1.338(0.650)
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Testing Bell inequalities and probing quantum
entanglement at CEPC

Youpeng Wu ', Ruobing Jiang &, Alim Ruzi{"4, Yong Ban'*, Xueging Yan'?, and
Qiang Li ®1"
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Summary

2025/5/23

» Quantum mechanics is non-local

» No local hidden variable theory is compatible with quantum
theory

» Higgs decay can provide entangled qubit and qutrit system

» Quantum entanglement is still present at extremely

relativistic environment.
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