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Concurrence of TT system

l SEtting the scene [JHEP04(2026)190]

' 26/m=0.6

o

Quantum Correlations at Colliders

Mer =100 GeV

» Quantum entanglement has been observed with pp — tt process with the ATLAS detector 3
[Nature] and the CMS detector [Rep. Prog. Phy]. £

80 Me=80GeV

®» LEP provides a clean, high-purity ete™ -» Z —» 77~ sample

* Near Z-pole which shows is sensitive to quantum entanglement.

* The same phase space is sensitive to Bell nonlocality, while tt requires a boosted region. ' ' 20

* High accuracy for the 71 system reconstruction due to the conservation of momentum.

Target of this analysis

» Use the ete™ collision data recorded by the DELPHI detector.

» Measure the full spin density matrix (SDM) of the Z — 777~ system.

T— 7 +V

®» Derive quantum entanglement, quantum magic, and Bell nonlocality, etc., of

the Z - 7717~ system using SDM.
! + i - i i )
P:Z(I4+Zi(Bia ®12+Bi12®0)+zi‘jCija ® o))

Many thanks to Dietrich Liko and Ulrich Schwickerath, DELPHI data preservation team Jﬁ

and the DELPHI Collaboration! 7V \T——SJT
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l Spin density matrix of the 77~ system

W The two-qubits system can be described by the spin density
matrix (SDM)

p = Zin;|dp; il
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spin polarization of ts spin correlation matrix
PN P P 1 do 1

S deos = 2 (1 el o 0s;)
W 15 coefficients are required to reconstruct the SDM 1 do _
« 6 for individual spin polarization B ¢ d(ios Oacos0p,j
9 for spin correlation matrix C 2 (1+ &AH’COS 01 cosOp ) log | cos 0,5 cos |

Measure the distributions of cos8,4, cosO@g and cos0,4c0s0p to extract the spin density matrix J_

/I N\T=TSJT
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l Spin-analyzing power in T decays

®» Spin analyzing power, k, quantifies how strongly the angular distribution of a decay product is correlated
with the spin of its parent particle.

®» One-prong t-decay channels with sufficiently large k are used in this analysis to retain good sensitivity to
the T-spin information.

h*mov,

Drives

\  h*v, . I[H[A 1x1 1.17%
2 sensitivity

h*=2my + v,

‘ ml 1% K 3.81%

= Tp 1% 0.41 2.76%

pl 0.41 X K, 8.98%

U™ Ve pp 0.41 x 0.41 6.50%

ll K X K 11.6%

€ VeVt

Comput. Phys. Commun. 307 (2025) 109399 * Here, [ denotes e or u, with k, = —0.33 and k, = —0.34.

7V N\F=TSJTU m
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l Analysis strategy

DELPHI Open Data

Scale, Smearing

o . 777 Preselection
»» Two pipelines, traditional

method (baseline) and Traditional

EveNet-based method, run Decay mode
. Identification
in parallel as crosscheck. ,

ID Correction | ,l HadHad

Machine Learning arxiv: 2601.17126
l (EveNet)

Object-level cut-based ID full-event classifier ID Correction

HadlLep / LeplLep l All channels

Neutrino Analytic Likelihood Generative Likelihood-based

» The fmal reSUIt WI” use the Reconstruction v reconstruction | v reconstruction 7 reconstruction

method with higher sensitivity.

Decay angle reconstruction by channel

Forward folding + POl fit

Extract quantum-correlation observables

/T(\J@ﬁiaﬁujﬁ o
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l Sample and event selections

EPJC 14, 585-611 (2000)

» 1994 DELPHI data is used, corresponding to [ Ldt = ®» Baseline selections:

46.3 pb_lwith Vs =91.2 GeV * Charged-particles multiplicity ranges within [2, 6], with two

of them in different hemispheres.

» ete”™ - Z MC samples are simulated & reconstructed: -
* Suppress Z > qq: Echarge > 0.0875 Ecy, Bisolation™> 160°

e Using Pythia8 + DELPHI simulation + analysis pipeline
e Suppress Z = IT17: MET > 0.4 GeV, accollinearity > 0.5°,

. ; +o— (e Yi=(pto— . +,— =
Z decaysintot T (signal), ["l"(eTe™, u u"), qq radiation energy < 0.4 Ecy

(background) are considered.
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l Event categorization

» Events are categorized into 16 charge-ordered channels corresponding to 16 T decay modes.
W The EveNet-based method provides higher efficiency and higher (or comparable) signal purity in each sub-channel.

» Cuts of |6cm — §| < 0.4% and m,, > 80 GeV are further applied to construct signal regions.

3000

B = Baseline, E = EveNet MC truth components
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l 71T~ system reconstruction

Full reconstruction of the T+7~ system requires the reconstruction of missing four-momentum
Traditional

EveNet-based

W Fully hadronic decay channels: solving the kinematics W Treats all decay channels uniformly
equations, which are well constrained by E-M

conservation law.

®» Other channels: a grid search to identify the solution

that maximizes the likelihood function.
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» EveNet outputs A, . and Ag; ;. using a diffusion-
model backbone.

W Post-calibration to meet the constraints from 77 system.

Response Matrices

c0s0, i c0s0, , X cosOg,
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EveNet reduces reconstruction bias, at the cost of slightly worse resolutnMJT o
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l Forward-folding fit

W The coefficients 8; are extracted using binned likelihood fits of the Data histograms to the sum of the MC template +

response-matrix-folded truth-level variation: ,
R=response matrix

L(6;) = [l Poisson(hgata | hme +_ R * (heruth (8:) — Aerutn (Omc)))

B Unit Cy variation
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W Simultaneous fit is performed using all signal regions.

®» Compared with unfolding, the forward-folding fit offers the following advantages:
* It correlates the parameters of interest across all signal regions and decay channels.

* It allows multiple signal components to be defined within the same signal region, thereby making full use of the

available data. /\\[r\%?_SJTUJﬁ
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l Asimov dataset fit results

EveNet v.s. traditional

Combined fit to 16 SRs

Post-fit parameters of interest

B_AN - —e— -~ Theoretical prediction
- A
. - EveNet
BAT —— -+ traditional
e

B_Ak 1 —e—

i [ ]
B_Bn —e—i
B_Br —e—t
B_Bk - ,_._.*:*
c_nn- »—.o—c
C_nrH ;
C_nk 1 %
C_rn- §.
c_rr _g;
C_rk :
C_kn - §°
C_kr 5
C_kk 1 ;ﬁ

T
-1.0

0.0
Post-fit Pol value

T
0.5

T
1.0

T
15

Channel breakdown

Selected six POls from EveNet fit results.

B An- = <9 re+  Theoretical prediction
- )_'__|_| .
e+ combined
B_AT - e ~» hadhad
——
re+  |ephad
BAK] L: e leplep
Cnn] Y S
——
c_rr —
.
C_Kk 1 —
-2 -1 0 1 2

ThadThad channels

®» Compared to the traditional method, the EveNet-based
method reduces uncertainties of Pols by 10-40%.

®» Uncertainties of spin polarization vectors are constrained

by both Th3qThad and TiepThaa Channels

W Sensitivity to spin correlation matrices is driven by the

/Y\J%ZSJTUJF
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l Uncertainties and correlations

W Uncertainties and correlation matrix of the coefficients Low correlation observed in all pairs of coefficients

are derived by toy sampling of Asimov dataset. : L.00

B_An

W Each toy includes fluctuations from:

0.75

B_Ak

e Data statistical uncertainty.

B_Bn
r 0.50

e MC statistical uncertainty.

 Other systematics uncertainties (theory uncertainty, .
uncertainties from calibration. To be studied.)
. . . . . C_nr I 0.00 %
® Data statistics uncertainty is the dominant source
Post-fit parameters of interest B
B An LE—J e+ Theoretical prediction o [0
: - all uncertainties o
B_Ar —— e+ Data stat. only )
. re+  MC stat. only e - —0.50
B_AK = -
C_nn/ —— o
e -0.75
c_rr ’,_}_s:_: ki
[}
C_kk —— C_kk
Il - = = < = = = : = £ :t = % -1.00
-1.0 05 0.0 0.5 1.0 2 o = o o o 0 o J J o o o o .
Post-fit Pol value / \{ \W—SJ | L_LH
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l Test of quantum correlations

Quantum entanglement, Bell nonlocality, and quantum magic can be tested using the measured spin density matrix, p [arxiv:2602.02719]

Quantum Entanglement

* Concurrence
Clp] = max (0,4 — 4, — A3 — A4),

A; is the eigenvalue of p (ordered)

* 0<C[p] <1 (entangled), C[p] =0
(separable)

Quantum Magic

* Also known as non-stabilizerness.

14+ Y;By; +X;Bg; + X C

M, = —log;

* 0 <M, (non-stabilizer), M, <0

(stabilizer)

1+ %, B;; +X;Bs; + 2 C

Bell Nonlocality

Approximately maximal form (C;; from spin
correlation matrix C):

B = n’%élelCii i C]]| - \/E

V2 < max|Cii + ij| < 2 (non-local),
ij

ma.X|Cii + C]]| < \/E (Iocal)
L

Concurrence: 0.81*052

M,:0.20+922

From Asimov dataset

Post-fit parameters of interest

I Concurrence il

. re<  Theoretical prediction

e asimov

Magic —_— e

Ckk - Cnn — &

Ckk + Crr - _—

Cnn + Crr

Cnn - Crr 1 — %

Ckk + Cnn 1 —_—

Ckk - Crr 1 8. -

Bell Nonlocality:
* Cpx + Cyp = 1.837031
¢ Ckk —Cr = 1. 83i8§§
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https://arxiv.org/abs/2602.02719

l Summary

Coefficients for polarization and correlation

» Presented the study on probing quantum correlations in Z - 717~

. B_An - s re+  Theoretical prediction
using LEP data: -+ EveNet
B_Ar- —e
* Dataset recorded by DELPHI in 1994 is used. B_AK- .
* Signal categorization + forward-folding fit is used to extract spin B_BN- —$—
polarization vectors and spin correlation matrix. B_B - ——
B_Bk - o
®» The EveNet-based method reduces uncertainties by 10-40% o .
compared to the traditional method. Cnr- : 2
» Correlations between parameter pairs are found to be small .
c.r+ o
W This analysis provides preliminary expected sensitivity to quantum cr
entanglement by concurrence: € = 0.81*:22 €9 f
C_kn- 3
W Future inclusion of LEP-1 data from 1992, 1993, and 1995 will triple Ckr- :
the luminosity, increase the Z — 17 sample by a factor of 2.5, and C_kk —
improve the expected sensitivity. o 00 oot oot vatie Lo

As=rsmull
13
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Thank you for your attention F
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l ttv.s. TT

If we consider only two-qubits system and use spin as the qubit...

®pp > tt+ X only two options, because we need decays...

@pp >ttt + X

Quantum Entanglement Bell Nonlocality
Concurrence
1000F; =1 [ 140 2000
0.5
900+ 120
800¢ ] = 100
Z 7000 113 E
Qo £ g0
bt g
g o 0.2
500 60
0.1
0.0 0.5 1.0 15 — 00 02
0
tt TT tt TT
arXiv: 2310.17696 (tt), 2504.01496 (tt) mﬂﬁigJT m
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l Test in validation region

®» The SR requires events to have |Ocy — % | < 0.4% and

m,, > 80 GeV

W The VR is defined by reverting the requirement

W The VR agrees well with the SM Asimov prediction

B_An
B_AT 1
B_Ak A
B_Bn-
B_Br-
B_Bk
C_nn-
C_nr

C _nk-

C kn-
C_kr

C_Kk 1

Post-fit absolute parameters of interest

3 -~ 0bs
- Asimov

L 4 4

X J

L 4

—_—

- 0 2 4
Post-fit absolute Pol value

mﬁﬂ%igJTdﬁ
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