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Entanglement measurement history INFN

Istituto Nazionale di Fisica Nucleare
Laboratori Mazionali di Frascati

€ Einestein-Polosky-Rosen Paradox (1935):
A and B are produced in a way that their physical property like momentum and position are entangled:
measuring  will determine , and simultaneously  can also be determined! Incompatible with
uncertainty principle!

b : “Can Quantum Mechanical Description of
Spooky action! Physical Reality Be Considered Complete?”

y —- v

Source X

A B

Quantum Mechanical Description of physics reality
described wave function is not complete without a

A. Einstein B. Podolski N. Rosen

Physical reality must be local! - Podolsky

EPR Paradox

Phys. Rev. 47, 777 (1935)
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https://journals.aps.org/pr/abstract/10.1103/PhysRev.47.777

Entanglement measurement history INFN

i \’//////l .

end
RCA 5819 Cryvials

pair annihilation ST e
e+ + e_ - y + y Fliggl;’apl.:l.?.parato do experimento WS. Fonte: Wu e Shaknov

Coincidence counting rate (1)

Compton scat. Coincidence counting rate (||)
Yy > e+ yf Phys. Rev. 77, 136 (1950)

€ Wu-Shaknov Experiment (1950)

One first touch to free lepton
quantum entanglement!

=2.04=-0.08,

1912~1997
Chien-Shiung Wu

The Little-Known Origin Story behind the 2022 Nobel Prize in Physics

In 1949 physicist Chien-Shiung Wu devised an experiment that documented evidence of
entanglement. Her findings have been hidden in plain sight for more than 70 years
Sientific American
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https://www.scientificamerican.com/article/the-little-known-origin-story-behind-the-2022-nobel-prize-in-physics/

) Entanglement measurement history @

Istituto Naziomale di Fisica Nucleare
Laboratori Mazionali di Frascati

|P(d,b) — P(a,¢)| <1+ P(b,2).

Physics Physique Fizika 1, 195 (1964)

|E(a,b) — E(a,b)] < 2—|E(a,b) + E(a,b)

Philosophical Reflections and Syntheses 199-217 (1971)

Phys. Rev. D 10, 526 (1974)

[d/2]1
= Z (1 = P 1>{+[P(A1=Bl+k)+P(Bl=A2+k+1)+P(A2=Bz+k)+P(Bz A + k)]
k=0 o

—[P(Ay =By —k—-1)+ P(B
+ P(By, =A; — k — 1]} (6)
Figure source (1982@CERN)

Phys. Rev. Lett. 88, 040404 (2022)

A — k) +PA =B —k—1)
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https://en.wikipedia.org/wiki/John_Stewart_Bell

Entanglement measurement history INFN
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1947~ 20 1942~ 2022 1945~ 2022
Alain Aspect John F. Clauser Anton Zeilinger

Quantum Mechanical description of physical reality is incompatible with HVT
Quantum Mechanics is a non-local theory!
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INFN
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Laboratori Mazionali di Frascati
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Nature 633, 542-547 (2024)

Rep. Prog. Phys. 87 117801 (2024)
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https://www.nature.com/articles/s41586-024-07824-z
https://iopscience.iop.org/article/10.1088/1361-6633/ad7e4d

Higgs boson in entanglement generation INFN

Istituto Nazionale di Fisica Nucleare
aboratori Nazionali di Frascati

Higgs decay: generator of entangled particles

a b c d
q /74
Wiz
2
7% )
ke e Entangled singlet state
b/t

Plenty of two-qubit and two-qutrit systems!
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ZY) Higgs production at muon colliders INFN
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Xxy
'

€ The vector boson fusion (VBF) process dominants

— p*u~ Higgs Production
1000 ¢
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Entanglement observables INFN

» Negativity: the » Concurrence: an entanglement
absolute sum of witness used generally
the negative
. eigenvalues of a Zl|v)] = \/2 (1 —Tr[(pa)?]) = \/2 (1 —Tr[(pB)?])
T partially .
transposed density | | 5 Expectation value of Bell operator
S =—kTr(plnp) MAX e = T =Tr
Nip) = 3 P2
p = density matrix k

of a quantum state

Phys. Rev. D 34, 373 (1986) Derived via density matrix!
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-~ :Aspin-1 biparticle system @R‘
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Laboratori Mazionali di Frascati

€ The CGLMP inequality for spin-1 biparticle systems
I3 = P(Al :Bl)+P(Bl :A2+1)+P(A2 :Bz)+P(32:A1)
—[P(A1=B1—-1)+P(B1=A3)+P(A2=B3— 1)+ P(Bo=A; - 1)| <2

Local theory predicts: I3 = (Opey) = Tr{p Opeu} < 2

4 Spin density matrix (SDM) Phys. Rev. D 107, 016012 (2023)

JHEP 10 211 (2024)

> Gell-Mann Parameterization

1
/\’I’)\j)\lz(_ﬂ 1 T & 1 1T ha [Ta TbD |
p(A1, A7, A2, AS) 9[ ® ]"’;fa[ ® ]+;ga[ ® ]+% b4 ® AN A2,

> Irreducible Tensor Parameterization

) ,
p= s [15®15 + Abas T © 15 + Aas 15 © T + Crannanss T, ©TH7]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.016012
https://link.springer.com/article/10.1007/JHEP10(2024)211

N : Coordinations INFN
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laboratory frame

laboratory frame

v y
Higgs boson rest frame
J=iX%
Z 3; z %
onshell Z boson
=3 = | P
Dz, <€ > Pz ;
) o
——» 7 axis
f .
" Higgs CM frame Iy
; r axis
Z, CM frame
. _ sign(cosd) . .
= (py — 2cosb)

JHEP 10 211 (2024)
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https://link.springer.com/article/10.1007/JHEP10(2024)211

- :Spin density matrix reconstruction INFN

Istituto Nazionale di Fisica Nucleare
Laboratori Mazionali di Frascati

€ Differential Cross section: — 070, £50, (parent particle’s rest frame)

1 do 1
g dQldQ2 - (47-‘-)2 []— =} A%/MYLJM(QD ¢1) + A%MBLYI{M(62, (bz)

+CL1M1L2MQBL1‘BL2 L1 (91 ¢1) (027¢2)]

with B1 = —v/27mn,, and By = /27/5.

€ Statistical average over events gives the polarization and correlation coefficient

1 do By, .
YM(Q)dQ; = ——=A! == 9
/Udshdﬂz L (£25)dS; Ax LM J )
1 _do By, B,
/ ag dQldQQ Yé\fl (Ql)ylijz(ﬂz)dgldﬂz - (zl,;T)QLZ CLlMleMz ’

Phys. Rev. D 107, 016012 (2023)

JHEP 10 211 (2024)

1 —4s3,

~0.13
1 —4S%V + 85‘&,

Ne =
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.016012
https://link.springer.com/article/10.1007/JHEP10(2024)211

: Simulation results for muon colliders INFN

Istituto Nazionale di Fisica Nucleare
Laboratori Mazionali di Frascati

- 4P Events
MG5@LO
V3 TeV] oltb] Luminosity Events

1 1.51 x 102 30 ab~! 455

3 3.56 x 1072 30 ab! 1089

10 6.06 x 102 30 ab~ ! 1890
. Invariant mass of four leptons

@ On-shell and off-shell bosons are : mg_ Background: bgk;d
identified based on the invariant mass of - i o

150

the lepton pairs.

€ Almost background free (right figure).

50—

OO 100 200 300 400 500 600 700 800 900 1000
M

JHEP 10 211 (2024)
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https://link.springer.com/article/10.1007/JHEP10(2024)211

5 : Simulation results for muon colliders

INFN

Istituto Nazionale di Fisica Nucleare

Laboratori Nazionali di frascati

¢ " TVBS .

- 48 Events

2.8

2.6

24

2.2

Towards large  , fewer
events, thus large uncertainty.

The expectation value of 3 as a function of the off-shell Z mass
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https://link.springer.com/article/10.1007/JHEP10(2024)211

INFN
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5 : Simulation results for muon colliders

€ Entanglement criteria:

J5=1TeV /5 =3 TeV
Mz, (GeV) I3 Cy1,2,-1 Cr2,2,-2 Mz, (GeV) I3 Ca1,2,-1 C2,2,2,—2
0.000 2.563 £+ 0.325 —0.928 +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 4+ 0.220 0.553 £0.179 10.000 2.499 + 0.225 —0.891 4+ 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 (222 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

JHEP 10 211 (2024)
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https://link.springer.com/article/10.1007/JHEP10(2024)211

5 : Simulation results for CEPC @a\'
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Laboratori Mazionali di Frascati

Events/bin
Eventsfbin

> ~—Hz 10 ~Hz 77
Is N ~77Z  ~IH
10} —-|IH 10°E

(a) e (b) e (a) M,[GeV] (b) M,[GeV]
M7 [GeV] |13 |021271 |Cz2272
0 2.823 £ 0.640(1.29¢0) —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(1.377) —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)

Phys. Rev. D 111, 036008 (2025)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.016012

Summary @a\'

Istitubo Naziomale di Fisica Nucleare
Laboratori Nazionali di frascati

» Quantum mechanics is non-local

» No local hidden variable theory is compatible with
guantum theory

» Higgs decay can provide maximally entangled bipartite
system

» Quantum entanglement is still present at extremely
relativistic environment

Thanks for your attention!
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A quick glace: poster on free lepton entanglement INFN
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/

. .
ep QE sources via muon targeting
Concurrence C(py): Optimal Io:
5 Eu=1GeV 72285 (6,+0) n o £.-10GeV nz450 w 35 ® E,=1Gev 0285 (6,+0) .
o E,=160GeV =520 (6,+2) - 0 ® £=160GeV 12520 (6,+2) 225
30 £ = 10 10
25 o1s % 220
20 ~ B ’ w 20 ~
= \ 10 107 . \ -
. 107 oo 107 05 2.05
00 - 0.000 / ob: ~
g 107 16 18 20 22 26 28 30 32 &
012 10° 10° 230,
Ei=1GeV =285 o E=160GeV 12520 |
0.08 0.009; 0.05 4 ’ 220
5006 &l _ 0006 & L o E=10GeV 02450 (6.+0) -
0.04 2 0.004 & o 210
0.02 10 0.002 10 0.014 2.05
~ e e
0.000 0.001 0.002 0.003 0.004 0.005 A 0.000 0.001 0.002 0.003 0.004 0.005 i 0000 o0.001 o002 0.903 e 0005
6, (lab frame) 8, (lab frame) 6 lab frame)
o The light gray regions depict C(py) = 0 or I, < 2
e Assuming a I-day run with a 10 GeV muon beam of flux 10°/s on 10 cm Al targets, the
expected number of events with C(ps) > 0 is 2.6 x 10*

b w
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, A quick glace: poster on free lepton entanglement INFN
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:

A first electron-positron beam correlation
measurement proposal

cost;

cosel

(LL+ RRYZ

Fig. 3: The proposed cascade experiment

cos6;

Simulation setup:

-05 00 05

©0.05 trad < 03 < 0.1 rad in a 1 GeV oss,
positron on-target experiment

Fig. 4: Joint distributions of the secondary scatterings
e The spins of target electrons 5 and 6 are

e Assuming the two secondary targets are
aligned with the beam direction

10 cm thick iron, the event rate in cos 8 <

o Consider the main component of the pri- 0.5 A —0.75 < 6} < 0.75is 1.4 x 10%/s for
mary state, (LL + RR)/v/2* the state (LL + RR) /v/2

e The optimized ratio of the yields of (LL + RR) /v/2 to UU is 1.29 4 0.03(MC), cor-
responding to 4.4 x 10% post-optimization efficient signal event counts and an expected
signal yield over a 27-second run; 0.78 4 0.02(MC) for (LR + RL) /+/2 in comparison

e For the 20% polarized targets, the ratios are 1.01040.009 and 0.986+0.009, corresponding
t0 2.5 x 10? efficient event counts accumulated in 680 seconds

A 4

HZZ Quantum Entanglement at Lepton Colliders 19
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-~ :Spin density matrix b

|92z) = ﬁ(H—— Y —6]00) +|-+)) Only 9 entries are non-zero!
| 00 0 0 0O 0 00

- 0000000 00
051 00 © 0 -0 @ 00
ol 00 0 0 0 0 0 00
" p=100-®0 @ 0 -0 0
| 00 0 0 0O OO0 00O
" 00 @O0 -®0 @ 00
0.0 00 0 0 0 0 0 00
00 00 0O 0 00|
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-~ :Spin density matrix @R‘

Istituto Nazionale di Fisica Nucleare
Laboratori Mazionali di Frascati

0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 1
00 % (\/QAé,o + 2) 0 %02,1,27_1 0 %02,2,2,—2 00 Coz2,-2 = EAQ’O'
0 0 0 0 0 0 0 0 0
P = 0 0 %02’1,27,1 0 % (1 — \/514%,0) 0 %02,172’,1 00
0 0 0 0 0 0 0 0 0
0 0 %02,2727_2 0 %02,1,27_1 0 % (\/5‘45,0 + 2) 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
B= [3\2/5 (M1 eTl -TieTy +T1 ®TY) + % (IEeE+TieTE)
+% (T4 T T« %(Tf T4 T T ETDQ ®T§} +he.

Ty % (18+16v3 - v2(9-8v3) 43y — 8 (3+2V3) Co1p 1 + 6oz, 2)

I3 =Tr{p Oy}
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A quick glace: poster on free lepton entanglement INFN
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e Assuming a I-day run with a 10 GeV muon beam of flux 10°/s on 10 cm Al targets, the
expected number of events with C(ps) > 0 is 2.6 x 10*

b w
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