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# "Entanglement” between two or more systems is a pure quantum phenomena

# |t is induced by the interaction from which the entangled systems are produced
#@ Expected to violate Bell inequalities (set of correlation measurements)

# Violations incompatible with classical physics based on causality and local realism
(locality) ( EPR paradox, Local Hidden Variables Theories (LHVT) )

# | will focus on quantum entanglement and Bell inequality violations
within the Standard Model and that can be measured in real data

# Experiments involved: ATLAS, CMS, LHCDb, Bellell, BESIII — BEPC
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What is entanglement ?

classical concept of phase space  In QM replacedb by abstract Hilbert space

makes a gap in the description of composite systems

Consider multipartite system of n subsystems

D Classical description — Cartesian product of n subsystems — product of the n separate systems

9 Quantum description — Hilbert space H — tensorial product of subsystem spaces

H = HHQQH,QH3&---QH,

superposition principle |w) - Z Cin

iy
L | not possible to assi ingl
V) # [9a) ® [ha) o) ) SR oin oo

b giving rise to the phenomenon of entanglement
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Local realism

D Based on the (classical physics) idea that objects have definite properties whether or
not they are measured

2O and that measurements of these properties are not affected by events taking place
sufficiently far away

2 Einstein Locality Principle

Consider two systems A and B that have interacted in the past and are separated (space-like) far away

The results of a measurement on A is unaffected by operations on the distance system B
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In a complete theory there is an element corresponding
to each element of reality. A sufficient condition for the
reality of a physical quantity is the possibility of predicting
it with certainty, without disturbing the system. In
quantum mechanics in the case of two physical quantities
described by non-commuting operators, the knowledge of
one precludes the knowledge of the other. Then either (1)
the description of reality given by the wave function in

quantum mechanics is not complete or (2) these two
quantities cannot have simultaneous reality. Consideration
of the problem of making predictions concerning a system
on the basis of measurements made on another system that
had previously interacted with it leads to the result that if
(1) is false then (2) is also false. One is thus led to conclude
that the description of reality as given by a wave function
is not complete.
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Based on locality principle
they argue that QM is incomplete



@ One may argue that the incompleteness of QM followed from EPR paradox is inherent
in the probabilistic interpretation of Quantum Mechanics

2 Dynamic behavior at microscopic level appears probabilistic only because some yet
unknown parameters (hidden variables) have not been specified

D Bell inequalities (1964):
a test to discriminate between local and non-local (QM) description of Nature
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I. Introduction

THE paradox of Einstein, Podolsky and Rosen [1] was advanced as an argument that quantum mechanics
could not be a complete theory but should be supplemented by additional variables. These additional vari-
ables were to restore to the theory causality and locality [2]. In this note that idea will be formulated
mathematically and shown to be incompatible with the statistical predictions of quantum mechanics. It is




Quantum Entangled states violate Bell inequalities

Lets’ explore this concept through an example:

®a muon pair created from the decay of a scalar particle (Higgs boson)
®the J=0 state is maximally entangled

® after being spatially separated, the spin of the two states are still entangled Z>
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H — ut 4+ u H is a J=0 state

example

Final state WF:  |9)) = i [|M+T5 ) — ‘N+J/3 H_/w]

Maximum entangled state 9

Particle 2 m i i
BOb B . ! ! U Particle 1 N

J measurement of spin in particle 1 induces correlation on spin measurement of particle 2

Alice

Y

@ measuring spin along same directions just test property of angular momentum conservation

® to check departure from Locality — require A and B to perform correlated measurements of
spin-projection in two different directions

Not necessarily to be orthogonal

{é, b, é} — [sa,sﬁ}yéo [sa,sé}yéo [36734#0 |

\‘ Spin operators along directions a,b ¢



Bell inequality

Alice Bob

. , N v n v
Pat;b ) :spin T along Q for particle 1 and spin \L along b for particle 2

® Locality assumption — probability independence

P(at;bl) = Pat;—)P(—;b|)

® |f A measure S(a) and B measure S(b) there is a completely random correlation

® |If A measure S(a) and B measure S(a) there is 100% (opposite) sign correlation
between the two measurements due to angular momentum conservation

o If A makes no measurements, B’s measurements show random results



Bell inequality

»|ocal deterministic theories (hidden variables) satisfiy Bell inequality

P(at;bl) = Pat;—)P(—;b|)

| Pa@tbt)<P@tet)+PEnb1) é ,

(see backup slides for a proof)

9 Compute these probability correlations in QM for an entangled S=0 state



QM predictions

® suppose observer A finds for particle 1 Sl . Q to be positive (+) with certainty

® then particle 2 will be in a eigenstate of S, -8 with negative (-) eigenvalue

A

® in order to compute P(ﬁ—l—; b—I—) we must consider a new quantization axis b

A
frrction 2 that makes an angle eab with Q.
: /// b-direction
L0
| 27 <; » use the Wigner rotation matrix
sy 157
e |
|
A \:/ (S
7 |
. |
|

® the probability that Sz - b measurement yields + when particle 2 is known
to be in a eigenstate of S,-4 isl . 1 0
P(a+;b+) = (5) sin’ (7“6)

plug in into the Bell
inequality and we get...

factor ¥2 comes from the probability that Sl .4 gives a + value
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QM prediction of Bell inequality

. Qab . eac . Gcb |
sin” [ -2 < sin [ £ | +sin? [ —=
2 2 2
a-direction )l( c-direction
O i |

/ \ .7 b-direction
Ve
9/ 7

| //,/,}3 choose for example
sy 1677
p dl eab — 29: 6azc — Uch — 0
it i (S,
A u u ] ] u n
In this case Bell inequality is violated for 0<0< >

» optimization problem — find directions where Bell inequality is maximally violated

» Maximum entangled states violate Bell inequalities but not provide the maximum
violation in general
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Bell inequality violation observed in entangled photons

QM is a non-local theory
measurements in A affects what will be measured in B, even if A and B are space-like
separated apart, and no causal exchange of information between them is possible

The Nobel Prize in Physics 2022 was awarded
jointly to Alain Aspect, John F. Clauser and Anton
Zeilinger "for experiments with entangled photons,
establishing the violation of Bell inequalities and
pioneering quantum information science"

Alain Aspect John F. Clauser Anton Zeilinger
1 :

ize share: 1/3 ize share: 1/3 Prize share: 1/3

2] A Zeilinger et al., Nature 433, 230 (2005) N

" [3]S.J. Freedman and J.F. Clauser, Phys. Rev. Lett. 28,938 (1972).
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.28.938

[4] A. Aspect, J. Dalibard, and G. Roger, Phys. Rev. Lett. 49, 1804
(1982). A. Aspect, P. Grangier, and G. Roger, Phys. Rev. Lett. 49,
91 (1982)

[5] G. Weihs, T. Jennewein, C. Simon, H. Weinfurter, A. Zeilinger,
Phys. Rev. Lett. 81,5039 (1998). D. Bouwmeester, J. W. Pan, K. Mattle,
M. Eibl, H. Weinfurter, A. Zeilinger, Nature 390, 575 (1997)

" [6] A. Aspect, Physics 8, 123. (2015)

. testing entanglement and Bell inequality violation at

high energies and in the presence of strong and weak interactions !




Quantifying entanglement and Bell inequality violation

@ Requires the knowledge of the Polarization Density Matrix (PDM) of two-particles A,B production
@ PDM can be fully reconstructed from the angular distributions of the single A,B decay products
from data or a Montecarlo simulation (see backup slides for qubits and qutrits systems)
in some specific basis — quantum tomography
@ or analogously by measuring the complete set of helicity amplitudes from A,B decay products

@ but PDM can also be computed analytically (using the SM theory) from the A,B polarizations

® knowledge of PDM allows to quantify (where possible) entanglement and Bell inequality violations

use tools of quantum information theory

A.J. Barr, M. Fabbrichesi, R. Floreanini, E. Gabrielli, and L.

ii Marzola, Quantum entanglement and Bell inequality vio-

lation at colliders, Prog. Part. Nucl. Phys. 139, 104134
(2024).

the toolbox
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Quantifying entanglement
difficult task — simplifies in the case of pure states

¥ Pure states (or pure ensables): the system is composed only by one quantum state ’¢ >

Density matrix 0 = ‘lﬁ) <77D‘ for pure states

vin real life we do not have pure states — but mixture of states ‘wn>

an‘wn wn‘ an =1 :; Tl”[p] =1

<A> — TI' [pA] ——» expectation value of operators (A) — can be computed in any base since
Trace is base independent

n=1,2,,...

(0 0

v For pure states ﬁ ,02 = p

p= 0 (diagonal form)




| Q u b i ts spin-1/2 particles, photon

/ I\ _ _|_
p(A1, M), A2, M) = Z[IL@IL +ZB o; ®1) +ZB (1® o) +;C@j o @aj)}
= 2 X 2 Pauli matrices i . ﬂ ﬂ ﬂ
4 x4 matrix  polarization coefficients spin-correlations coefficients
> Entanglement

(for pure states)
Concurrence %)) = /2 (1 - Tt[(pa)?]) = /2 (1 - Tr[(p5)?])
‘fg[p] 115} pr Zllw)] \
For qubits problem is solved:

R=p(o2®02)p (02 ® 02)

for general states —

vanishes for separable states,
max value = 1

pa=Trg[|¥)(V] |
_ Trace performed in subsystem B

find — I square root of R eigenvalues, i=1,2,3,4 with I'1 be the largest one

C(f[p] — max (0’ ry —1r9 — T3 — ?“4) If > 0 it signals the presence of entanglement

/ C.H. Bennett, D.P. Divincenzo, J.A. Smolin, W.K. Wootters, Phys. Rev. A 54 (1996) 3824 \ 15




Qubits

> Bell ingqugllty violation

ﬁlj ﬁg —» forAlice ﬁ (Aly /Zig)

ﬁg, ?'_?j4 ~—» forBob ' (B1, Ba2) (

— <Alél> —+

2 outcomes

qubits)

CHSH inequality

(A1§2) —+ <A2§1> — <ﬁ232>

il

Fal

.

nl*C*(nz—nzl)—l—ng C - (ng—l—n4)|<2

=ctc

L e (ﬁ'
four directions: /
?ALQ

Y~

3
%

satlsfled by
LHVT

CIauser-Horne -Schimony- Holt
Phys Rev. Lett. 24 (1970) 549

j —p Correlation matrix

lm1, ma, m3| eigenvalues = m; and m. the largest ones

— optimization problem solved by the

Horodecki condition

Mo =mq1 +mo > 1

]

o

Violation of Bell inequality

'R. Horodecki et al, Phys. Lett. A200 5 (1995) 340
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Qutrits massive

spin-1 particles

N

/p(Al, " A, Np) = (% 1R+ folOTY+ ) ga[T*®1+ > ha [Ta ®Tb} )
. 0 ab

AN Az N,

T? =3 x 3 Gell-Mann matrices

" Entanglement

» Concurrence

(Clp)” = %alp]

P Entropy

Valid only for pure states

9 x 9 matrix

F. Mintert, A. Buchleitner, PRL

A

98 (2007) 140505

4

» Difficult to compute, no analytical solution exists for general qutrits states
» only lower bound available

" Lower bound:
witness of
Entanglement

0< &lp| <Ind

%ész%P%—HZN?%Eﬁ%%Z%% -

a a ab )
—%—12;gi+6;f3+4§h2b},

&lp| = —=Tr|palogpa] = —Tr |pplog pp]

d=2 for qubits
d=3 for qutrits

17




Qutrits
> Bell inequality violation

/ Ig — P(Al:Bl)—I—P(Bl:A2—|—1)+P(A2:BQ)—|—P(BQZA1)
_P(A; = By —1) — P(A; = By) — P(Ay = By — 1) — P(By = A — 1)

,/

(A1, Ay) (B, , B,) each can take values — {O, 1, 2}

1 |

;%Zﬂkﬂ; B =

0

L

o O o @) =] o O
N \v}
S S

© ©o o o o o o o
|

w
w

o o [} o %‘M = o o O
w
o O o = S‘M o V] o O
w
o O o $|[\'> o o o o O
w
(= ) o o o o o o o

o O ) (am) (e en)
Sl

—
=

PCGLMP 75 < 2 satisfied by HVLT

' D. Collins, N. Gisin, N. Linden, S. Massar,
‘\ S. Popescu, Phys. Rev. Lett 88 (2002) 040404

P in order to maximize the violation of Bell inequality

B — (U X V)T . R (U 2 V) U,V are unitary 3x3 matrices

(depend on the kinematic of the process)
18




Bell inequality test at collider

Pioneering works

suggested here Decays of charmonium states into \‘[

N.A. Tornquist, Found. Phys. 11 (1981) 171-177 . apair of entangled barions A

N.A. Tornqvist, Phys. Lett. A 117 (1986) 1-4 ﬁ

Nes X and J/y > A+ A

analyzed here

S.P. Baranov, J. Phys. G 35 (2008)
S.P. Baranoy, Int. J. Mod. Phys. A 24 (2009) 480-483
S. Chen, Y. Nakaguchi, S. Komamiya, PTEP 2013 (6) (2013) 063A01

P. Privitera, Phys. Lett. B 275 (1992) 172-180  eteT = 7T T

19



example

in CM frame
massless limit

QM — non separable entangled states

W) = Glrp)ITL) + Slm)IT) + Sl TR) + Sl ) I 7R)

2
2=1)
Deterministic theories — separable states (example) ( Z ’&’
1

W)a = [TR)|78)  or |7 )T

20



example

("‘) scattering angle in
the C.M. frame

relativistic
massless limit

52 — D§11) (@) 53 — %111 (@) .

21



€y, 'TL or 'TR

€ TR or Ty

massless limit




Local deterministic models satisfy Bell inequality

Quantum mechanics does not

Both Entanglement and Bell inequality

can be studied at colliders

® high-energy regime
® in the presence of strong and weak interactions

® qubits and qutrits

23



Where have we already seen

Entanglement or Bell inequality violation

at high energies?

24



1 Flavor space

Problng CPT and T-reversal with entangled neutral Kaons

K K oscillations V "E J. Bernabeu, A. Di Domenico, P. Villanueva, JHEP 10 (2015) 13
\ @ @ ~ J. Bernabeu, A. Di Domenico, Phys. Rev. D 105, 116004 (2022)
Bell locality condition
Probability of finding
,T1; fo, o) = L T1;—, T —,7T1; fo, T P W T1 —.T2)— > .
p)\(fl 15 fo 2) p)\(fl 1 2) p)\( 15 fo 2) (fl 1: 7 ) state f, at time 1

|
Bell inequality P(fi, 71; fo, 7)) — P(f1, 715 fa, m2) + P(f3. 715 fo, ) + P(fa, 715 fa,T2)

< P(f3, 115 —,72) + P(—, 715 f2, 72)
a non vanishing value of epsilon’/epsilon (direct CP violation) implies Bell inequality violation

'F. Benatti, R. Floreanini Phys. Rev. D57 (1998): Eur. Phys. J C13 (2000) 267

. /// o \\\\\
BY RV oscillations Y 4 ;o 5 o o
\ y J = Y R-re=r—1-- === - - - = = : 0 31:|_‘_‘__.
Y AV S 3l al 3L
~_ > 1k > 9 = 1,
© 075 e T 0.75 s T 075F g
0 0 50 0 R E il w E ol =
V) = —= 1), ® B, - B,  |89,] SEENE==C| PSS R
\/_ 1 2 1 2 < b * . < b F — < e ® t
] -0.5 m $ aM : -0.5 '_T_'_ sD . -0.5 K3 + PS
i W S =) i B
0 10 20 0 10 20 0 10 20
At [ps] At [ps] At [ps]

Asymmetry

A(At) = (ROF — RSF)/(ROF -+ RSF)/Data favour QM over

n _ rate of O te/S _Fl spontaneous disentanglement at 13c and
OF/SF = 1876 97 PPORTe/Bame — - avor | _over Pompili-Selleri model (LHVT) at 5.1c

~ AGo, Belle Collaboration, Phys. Rev. Lett . 99 (2007) 131802 V55




1 Flavor space

Neutrino oscillations vV Vo) Z e lvn)
A A flavor states mass states
Cij = (QE:)Q(E5))

_ «—n-—1 ‘
Ky, = Z¢:1 Oi,i+1 _ Ol,n |
under hypothesis of realism and Kn <n—2
non-invasive measurements . :

Minos (60) \\’ Dune, Nova, T2K

K4 35| | ¥ iI! | K4 < 2 T2K
st (1 | e g ,J! ||I|r|| |1| i ' e I 1.04
v |: clg‘ ! | g ’ r 1
2 0.96¢
o)
b < 0.92}
‘ 0.88}
05
: 0.84}
gz os ne oa i 24 16 16 2 22 2 4 6 8 10 Ol5 OI8 1 1'2 1'4 1'5 1.8 2
Relative phase zwa Energy (GeV) . . . . . .
Energy (GeV)
| Y , ,
| JA Formaggio, DI Kaiser, MM Murskyj and TE Weiss, Vlo_latlon of LG inequality occurs over l . ]
L Phys. Rev. Lett. 117 (2016) 050402 | adistance of 735km. k J Naikoo et al, Phys. Rev. D 99 (2019) 095001

26



2 [ spin-1 qutrits B meson decays B— ViV

e N .. .
1 hi = helicity amplitudes
W) = —— I [V1(+)Va(=)) + ho [V1(0) V2 (0)) + i [Va (=) V5 (+))]
a (00 0 0 0 0 0 00\
| o0 O 0 0 0 0 0O0f
0 0 hihy O hihg O hih™ 0 O
1 0 0 0 0 0 0 0 0 0
0= ‘\II><\IJ|:W 0 0 hoh% O hohi O hoh* 0 0O
0 0 0 0 0 0 0 0 0
0 0 h_hl 0 h_hy 0 h_hZ 0 O
| 0 0 0 0 0 0 0 0 0
\_ oo 0 0 0o 0o 0 00
Parameter Result
|Ag|? 0.384 + 0.007 £ 0.003
A2 0.310 + 0.006 =+ 0.003
3| [rad] 2463 + 0.029 + 0.009
5, [rad] 2769 + 0.105:+ 0.011
[Ag|? |[Ay 2 I 51
[Ag|? 1 ~0.342 —0.007 0.064
[AL 2 1 0.140 0.088
@ 5” 1 0.179
- 5, 1
h h Ay + A h_ Al — A R. Aaij et al. [LHCb], Phys. Rev. Lett. 131, no.17,
SALE A L ” L and — = AL 171802 (2023) [arXiv:2304.06198 [hep-ex]].
0>
|H| |H] V2 | H]| V2

M. Fabbrichesi, R. Floreanini, EG, L. Marzola, Phys. Rev. D 109 (2024) 3, L031104
EG and L. Marzola, Symmetry 6 (2024) 8, 1036

27




Ve N

2 B meson decays |

First time of direct measurement of Bell inequality violation at high energy !

Entanglement Bell inequality
Significance of
E 7, Bell inequality violation
+ B’ — J/wK* (892)0 [5] 0.756 £ 0.009 2.548 £ 0.015 360

e B > pK*(892)° [18] 0.707 £ 0.133*  2.417 £ 0.368*
e BY 5> pK*(892)° [19] 0.450 + 0.077*  2.208 £+ 0.151*
* B, > (¢ [20] 0.734 + 0.037 2.525 + 0.064 8.20
e B, > J/w¢ [21] 0.731 £0.032  2.462 =+ 0.080

* — correlations uncertainties are missing — upperbound on error _
Free from locality loophole

M. Fabbrichesi, R. Floreanini, EG, L. Marzola, Phys. Rev. D 109 (2024) 3, L031104

(see backup slides for details)
- EG and L. Marzola, Symmetry 6 (2024) 8, 1036

4

K. Chen et al, Eur. Phys. J. C 84 (2024) 580 ﬁ> B J /1 o ]
| ) c 28




3 " Entanglement in pairs of top quarks

D — lTr C;: Ep] = max[;l — 3D, 0]/2 :\ D < -1/3 sufficient condition
| 3 ’ . for entanglement

\_ i
— also sensitive to Toponium formation Y. Afik and J.R.M. de Nova, Eur. Phys. J. Plus 136 (2021) 907
P sy e miss .
DD 0+ jets + B CMS Preliminary 35.9 fb~' (13 TeV)
o e I A RO T ERCR IR TR AT
— Entanglement Threshold
_ re+ Data
l do _ 1 1 — Deosd ‘®: POWHEGV2+PYTHIA8
o dcos o 9 At o r4 MG5_aMC@NLO+PYTHIAS [FxFx]
el = & POWHEGv2+HERWIG
oooo (tt only) 345 < m(tt) < 400 GeV
0.0<3<0.9
1| ATLAS Preliminary
/s =13 TeV, 140 ib™ ' o
04893028 o 4,
]
2 . ¢
: . g
=] . o
& . -0.478:388 o+ >
=-=- Limit (Powheg + Pythias)
B Theory uncertainty i result + (total)
—— Limit {(Powheg + Herwig?) | § - | | 0 [ | N
8 emang 1l 060 -055 -0.50 045 -040 -0.35 -0.30
B Powheg + HerwigT? (hvg) ¥ D

340 <m(tl) <380 380 <m(t) <500 mitl) > 500

Invariant Mass Range [GeV]

L i 1+0.025
S|gr||f|¢ance > 56 D —_— _0.478_0027

- Y

y S

D — —0.547 = 0.002 [stat| + 0.021 [syst| | ./ || CMS Collaboration, arXiv:2406.03976 (2024)
2 -~ \\ /‘ i J I J B s ; G o < aAnc i

ATLAS Collaboration, Nature 633 (2024) 54,2;] G y i CGMS Collaboration, arXiv:2409.11067 (2024)

¢» is the angle between the respective leplons as compuled in the rest [rame of the decaying top and anti-top

340 GeV < my < 380 GeV 29



AN

4 auvits, qutrits  Charmonium

Mass (MeV)
a0 | X(4660) B_(kl)
4500
1P (4415)
Thresholds: —X(4360)
4300 X(4260) TT
12 e SO | || PR
W0 DS Dy i A0} | | srseosmiemesn e e s s o
TEDT sconseammmie | B | | R AT R
X, (2P)
o i | e i =
AT, @
<t |pP n,(25) I 49028): | emvmssommmensnsanissnis saginyiarans son . /,./- .................................................
a < XaMP)
nm \\.— -~ . (1P) c2
A n h. (1P) ,/ x, (1P)
/’//
T -
3300 T ﬂu /’n/ﬂ: “\ e'l'(kz)
: |
3100 1 ./
1. (15) Iy (18)
2900 L
JPC: o == 1~ ot 1+ a++ pl —_ _p2 —_ p k — k — k
I — 782 — &

P

helicity amplitudes decomposition cos © = | S k

(J)s J) \ scattering angle
* .
p)\l)\gjxl)\fg & w,\l)\zw)\,lxz E Dk,)\l—)\g (0, @, O)D )\/2 (O, @, O) in c.0.m frame

kN, —
k )

AN 4

M. Fabbrichesi, R. Floreanini, EG, L. Marzola, Phys. Rev. D 110 (2024) 3, 053008

: Wigner rotation D-matrix
see, also: S. Wu et al. Phys Rev. D110 (2024) 054012

30
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| Qubits (spin 72) \ A(= pr7) A(—> prct)

do oc W(E) dcos 0dQ,dQy, W@ =Fol@) + aF5()
) +a1as (7’1 (&) + V1 — a? cos(AD)F(€) + 05776({:'))

) + V1 — @? sin(AD) (a1 F3(€) + arFa(€)),

£ = 0.0

Fo(§) =1 |
F1(€) =sin*@sin O sin 6, cos ¢ cos ¢ + cos>@cos b cos 0,

F2(€) =sin 6 cos 6 (sin 6 cos 6, cos ¢ + cos b sin G, cos @) m
F3(&) =sin 6 cos 6sin 0 sin ¢ w% % — ’U_}_% _% — \/i

F4(&) =sin @ cos Osin B, sin ¢,
Fs(£) =cos>6

wi_1=w_11=+v1+ a exp[—iAD]
Fo(€) =cos 6 cos B, — sin’Osin 6; sin B, sin @, singy.  (6.56) 3 3 )
~ maximum likelihood fit

@ = 0.4748 & 0.0022|sia0 & 0.0031 syt H A = 0.7521 = 0.00425a1 = 0.0066]sys0

to extract helicity amplitudes

=0

() (J)
» DT, 0,0, 0)Dy’5 ., (0,0,0)
k

*
P xa AN, O WA AWy 1

31



(CHERMENIURIISPINEONSIalES

Qubits (spin 72 )

ne =+ A+A and Y’ —A+A
o) scwy_y D elh Dty bbbl
O O 0 O
PAA = |P0) (o] = % 8 ill ill 8
0O O 0 O

Horodecki condition
N

Concurrence

Clp] =1

m12:2

® maximum violation of Bell inequality
® data not yet available to assess significance

N.A. Torngvist, Phys. 11 (1981) 171-177
N.A. Tornqvist, Phys. Lett. A 117 (1986) 1 4
S.P. Baranoy, Phys. G 35 (2008) 075002

Quitrits (spin 1)
Xe = ¢+ ¢

~

W) —w | =1, —1) + 1wy, [00) + 1w, [1, 1)

w
‘ == | = 0.299 + 0.003|stat 3 0.019]gyst
Wy o
(Beslll Collaboration, JHEP 05 (2023) 069 [arXiv:2301.12922] 1
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 Jw, ., 0 w, ,w{ 0 w_,_w 0 0
0 0 0 0 0 0 0 0 0
—_— |0 0 w,,w* 0 lw, , |2 0  w,,w! 0 0
pgbqb 0 0 0 0 0 0 0 0 0
0 0 w,w', , 0 w,w 0 lw, . |? 0 0
0 0 0 0 0 0 0 0 0}
Entropy 0 0 0 0 0 0 0 0 0
P
- &lp] = 0.531 £ 0.040 (13,3 o)

CGLMP I;
Trpgy B = 2.296 +0.034 (8,80)

v o




(CharmmenitmispinEiisiales

: .4 |
Qubits (spin 72 ) 0s. M o me
J/v —A+A and (3686) > A+A| | 13 / \
: 1.10
0.2 1.05
11 11 0.1 1.00 :
Y1) X w%%’Q ) @13 5) ool | ggg-\/ | \/
1 1 1 1 -1.0 -0.5 00 05 1.0 1.0 -05 00 05 1.0
w\l'> X w—% —% ‘5 o §> &9 |§ ) cos O cos O
11 1 _ 1 1 _ 1 11 analysis based on
Yo) o w13 @l —tw sils —9)®l33) 10bilions J/Psi events
I @ Besslll experiment
w%% =w_1 L= % and -u:% 1=w_11 = 1+ ox Cxp[_g,ﬁ@] 3.2M AA events expected

@ = 0.4748 % 0.0022] oy £ 0.0031[syet Bell inequality violation
decay Mg significance
AP = J/b — AR 1.225 + 0.004 56.3
BeslIl Collaboration, Phys. Rev. Lett 129 (2022) n. 13 $(3686) — AA 1.476 + 0.100 4.8
131801 [arXiv:2204.11058] Y J/p — Z-E+ 1.343 =+ 0.018 19.1
'—'0'—'0
Concurrence T/ — = ] 1.264 =+ 0.017 15.6
(3686) — ==+ 1.480 & 0.095 5.1
C@ﬂ[ﬂ = 0.475+=0.004 (118, 76) 1 (3686) — ZOZ0 1.442 £ 0.161 2.7
Jjp — B8 1.258 =+ 0.007 36.9
) Horodeckl condition V +(3686) — D5+ 1.465 + 0.043 10.8
mio = 1.225 + 0.004 (56, 36) ) J/p — 2050 ) 1.171 £ 0.007 24.4
. Y (3686) — X0¥0 1.663 = 0.065 10.2

a

M. Fabbrichesi, R. Floreanini, EG, L. Marzola, Phys. Rev. D 110 (2024) 3, 053008
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pp — tt pp — H 77 ete” — T

LHC, data already available LHC, data already available Belle II, data already available
Ay L O L LY . 4
Analysis under way Analysis under way Analysis under way

& T —

; While waiting — let us see some simulations J
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-3 Belllinequalityvielationiin

ofeeltigtion =it Er|C
J e e
DT D

15 rest frame ></ P

CM frame

\"" 1) rest frame

€+

C’ab(mtg, @) — can be extracted by fitting the double angle distribution
P

\
1 do 1
_ — — (1] Ca Qa, Qb
o d cos 0% dcos O 4( + Cap COSUY COS _)

angles computed in the @ and 6 € :[k n, T} PO | ok
corresponding rest frame of cos@® = 0_ b T = sin (p — 05 )
the decaying top or antitop
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A Montecarlo simulations

M. Fabbrichesi, R. Floreanini, G. Panizzo, Phys. Rev. Letters 127 (2021), 2102.11883 [hep-ph]

invariant mass of top-antitop  First analysis of Bell inequalities where
/ correlation matrix Cij is extracted from

mi2 [C] event simulation, including ATLAS detector
o resolution (DELEPHES), acceptance, migration

and efficiency effects.

> —— Bell inequality violation
Horodecki condition

mlz[C] > 1

| Violation of null hypothesis can be assessed:

® at2 O level with present Run 2 Luminosity

04705 o6 o7 o8 09 | T ® at4 o with projected full Run 3 Luminosity

0 0.1 02 03

scattering angle in CM of top-antitop
Laore = 2C (045 + Ol)  with Oy = g (Qr o™ T t5) HG®,
Sensitivity to NP (EFT) studied in P

R. Aoude, E. Madge, F. Maltoni, L. Mantani, Phys. Rev. D 106 (2022) 5, 055007; [arXiv:2203.05619] //
C. Severi, E. Vryonidou, JHEP 01 (2023) 148; [arXiv:2210.09339] !

M. Fabbrichesi, EG, R. Floreanini, EPJC 83 (2023) 2,162; [arXiv:2208.11723] y
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R =N EntanglementancdiBElINREqUalyAIGIateRNINSIGES=S

z, v H — V(kl, )\1) V*(k‘z, )\2)

-
2
=

H oo H - V=2 W
AN A\
- B 1 . N V1 rest frame
\:p _ _|__ — 00 —I— ——I— V5 rest frame
W) = o 1) = =100) + =] =
N : \ - £
J my — (L+ f2ME M, = fM
=1+ 5 vV — My
§ 2f My )
maximum entanglement for x=1 ( ZZ* both at rest)
(O 0 0 O 0 0O 0 O 0\
00 0 0 O 0O 0 0 O
0 0 haa O hig O hag 0 O O — |\IJ><\IJ‘
00 0 0 O 0O 0 0 0
pH:2 0 O h16 0 2h33 0 h16 0 0 ,
0O 0 0 O 0 0O 0 0 0 2
0 0 hag 0 hig 0 hag 0 0 Pg =— PH  Pure state
o0 0 0 O 0O 0 0 O
\0 0 0 0 0 0 0 0 0

( M. Fabbrichesi, EG, R. Floreanini, L. Marzola EPJC 83 (2023) 9,823; [arXiv:2302.00683]1 37




SM expectations

M. Fabbrichesi, EG, R. Floreanini, L. Marzola EPJC 83 (2023) 9,823

Quantum entanglement (Entropy) Bell inequality violation (I;>2)

1.24 e BENE RRTRE TR R s SR SRBRY. A 11 e 3.0 284 _\ ........ 2.88 o]

100 s ............ _ ..... ....... e s ) L T | ~14 : j :
SR S (e R RO 25 i 252 | 2T

0.6 . fisosi ............. ........ 0.58 SR, SRR SN O SV — T— 20l

00— 3 6 10 13 16 20 22 26 29 32 ~0 3 6 10 13 16 20 22 26 29 32

\\ M [GeV] M, [GeV] /
Viontecarorsimulaien

MADGRAPH5 AMC@NLO Luminosity of 3ab-" (Hi-Lumi at LHC)
Expected significance for observing the Bell inequality violation is 4.5¢

J.A. Aguilar-Saavedra, A. Bernal, J.A. Casas, J.M. Moreno, Phys . Rev. D 107 1 (2023) 016012, [arXiv:2209.13441]  —» tensor basis
R. Ashby-Pickering, A.J. Barr, A. Wierzchucka, JHEP 05 (2023) 020; [arXiv:2209.13990] ~— » Gell-Mann basis 338




‘B ERtanglementandigiianitimiomegraphy e WoerkieiSIgEgs

LHVV — g My WHIW—HH + — QWMZZMZ“H

J {“W wiw—s 4 Wyt - | Mg gy %ZMVZ“V] H

MW 2 4
[ } 1 -
ent = — 1t [palog pal Codd = ) Z hab — Nba =) 3 observables
a,b
a<<b )
O;(ay,a 0,0 > - dedicated Montecarlo to
Z { v V), il )} < 5.991 X" testwith 3 dof estimate uncertainties
p O @95C.L.
03
fo2 = \@V\ and  fy3 = = [ay|”
4 - @ 95%C.L.

ours [fH<T78x107°, fL <15x107°

our limits are mostly idealized whereas
CMS includes statistical, systematics

CMS 9 g‘g < 3.4 X 10_3, ;:/3 < 1.4 x 1()_2 ’uncertainties+ background
~ /

M. Fabbrichesi, R. Floreanini, EG, L. Marzola, JHEP 09 (2023) 195; [arXiv:2304.02403]
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EnRangiEmeEntandiSeliNneaualiiAvielatepiansellen|

et +e — 7 +7"7 s5=10GeV at SuperKEKB

2
/Pﬂ‘- — )\P(+) + (1= X) pf;?x with A = 9 _T/B)
2 _1 '
53 = 5 (IRR)(RR| + [LL) (L1 )
L I G R s).
A V2 /

(s —4m?2) sin® ©

Clpl =

4m?2sin®© + s (cos2 O + 1)

miz =1+

(s —4m2) sin® ©

4m?2sin® © + s (cos2 © + 1)

U at threshold 57 ~ () the state is a mixed one, with no quantum correlations

0 at relativistic regime B, — 1 the state is maximally entangled

Entanglement

1.5

-1.0

-0.5

—» Bell inequality violation
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a sl Montecarlo simulations for Belle |l

Assuming data set of about 200million of events. Analysis based on six decay channels

( \ y
~S. Jadach, J. H. Kiithn, and Z. Was,
7'['—'_’]]'_ ’ﬂ':':p:l: ’]T:l:ail: p+p_ p:l:a;l-: a+a_ | “TAUOLA: a library of Monte Carlo
’ ’ ’ ! 11 programs to simulate decays of polarized
tau leptons,” Comput. Phys. Commun.

64 (1990) 275.

Spin orientation reconstructed using the polarimeter vector method
V. Cherepanov and C. Veelken, “The
polarimeter vector for 7 — 37y, decays,”

\\arXiv:2311.10490 [hep-ex]. J

,/ Decay channel Clp] mys|C] D
0.7079 £ 0.0071 1.483 = 0.011
ntpT 0.7113 £ 0.0029 1.482 &£ 0.008
ntal 0.6762 4 0.0028 1.388 4 0.009
ptp~ 0.7111 + 0.0032 1.495 4 0.007
prat 0.6798 £ 0.0026 1.402 £ 0.008

ajay 0.6386 £ 0.0060 1.294 + 0.018

All channels | 0.6905 £+ 0.0014 1.444 + 0.0QQ

Events passing selection cuts | cos(¥)| < 0.40

- 0
Observation of Quantum entanglement and Bell inequality violation

expected with a significance well above 5

K. Ehataht, M. Fabbrichesi, L. Marzola, C. Veelken, Phys. Rev. D. 109 (2024) 3, 032005; [arXiv: 2311.17555] 1 41




[ & ERtanglemeERtaiWoIHRAIo! seanchransellenl

N

'/ att” ot v5q
I‘,UJ ) — oy 2 | o QVF 2 | Y 2 o )
( ) Y F1(q7) 21 2(q”) T 3(q°) EM tau-vertex
\ /
ar = F5 (O) and d, = > ¢ FS(O) L: — € [7_-1—1)”)7-] AM’
® NP can arise from the following 3 contact-interactions (Cl) dim. 5 operators
s ) . ) N o ) cov ) e - W . >
LOl — em—ngy“TD Fouvy Oy = €2m% ot TF,W W \03 — esz Tot V5T L /
2 7 Fo5(0) = 2co3—
F =1 ... 2 — £4C23——
1(q7) + C1 m2 | 3 & m-

® Three observables &; (aT, d., C1) employed to constrain NP

e N O e N
1
Codd = 5 E ‘ Cij — Cjs
2,

N\ 0y DZEERN RN %
42
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Luminosity 1ab™’

benchmark
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M

S
-

9
<b)
ee
~1—]
QU]
@
©)
—
QU]
<b)
(p)

a

¥? test with 3 dof

-
8]

[ ST
'd

-

Lo

b

-
|

/// wn
N\ g
/«///////////////// /m b

///4

(2.30) 5.99
This work

— v ]
0., |_| | ,,////////////ﬂ%//// :
M, - | %/M/%/////%/%/////%/// £

W

<4

P

N
N
S
J
O
Q
Q

& ERtanglemER At WoIHRAIO);

43

Limits @ 95% C.L.
]J

Aci > 2.6 TeV

dT| < 1.7 X 10_17 e cm

a1'| § 6.3 X 10_4
c1] €9.5x107°,

< 1.3 x 1072

Ac1 > 7.9 TeV

T
T

3
VI
1
-
i
X
N
7

<
V
.
—
|
-
—
X
S
—
|

K. Ehataht M. Fabbrichesi, L. Marzola, C. Veelken, Phys. Rev. D. 109 (2024) 3, 032005; [arXiv: 2311.17555

M. Fabbrichesi, L. Marzola, Phys. Rev. D 109 (2024) 9, 095026; [arXiv:2401.04449]
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Closing the locality loophole (LL) He

® One must consider decays in which the produced particles are identical as in the B — ¢ ¢

(so their life time is also the same)

t,, — time of decays
we need to check how many ‘tl _ tQ‘ ¢ <1 _
events satisfies the space-like (tl + t2) VU decay times follow the PDF
condition distribution P(t) ~ Exp[- v ]

B — the velocity in unit of ¢

Y — the Lorentz factor
® For B — @ ¢ we find that almost 90% of events satisfies this condition

O the two bases used in measuring the polarization are arbitrarily chosen (U V diagonalization)

9 — provides a set-up where orientations of polarimeters can be freely and arbitrarily choser

M. Fabbrichesi, R. Floreanini, EG, L. Marzola, Phys. Rev. D 109 (2024) 3. L031104
® So locality loophole can be closed! 'EG and L. Marzola, Symmetry 6 (2024) 8, 1036
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Closing the detection loophole (DL) H2

® DL exploits the fact that detectors are not 100% efficient

® Already for qubit the DL is closed if efficiency is more than 80%
® This requirement above is even lower for states belonging to larger Hilbert space as quitrits

® The efficiency of LHCb detector for pion, Kaons, and muons is more than 90%

® So also detection loophole is closed for LHCb !
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How to Extract Density Matrix of Two-Qubits from data DM-1

Consider pp production of top anti-top system (helicity base)

_ _ A . . ~ - Spin-quantization axis of top
right-handed basis {n,r, ke n=rxk
r decay plane of
in the top rest frame
lepton(+) momenta | %- I top at rest

Look at d;rectlon in top rest frame rg+

n t
a E v .2
costy = £ AA y=7p-k=cosO
p
s g /<>\/
cos” =/0_-0b \\] i tho fop pAiR CM framic top scattering-angle

in c.m. top anti-top
a and b = {k) njr} <I["intheanti-toprestframe

) 1 ~ R 1, -
= (0,0,1), fr‘:;(p—yk:), nz;(pxk)

For example for specific axes
a b ! 47 = L(1+ By cosy + By cosb_ — C cosby cos6_ )
Sab — COS 9_|_ COS 9_ Jff(‘056’+d(‘0% 0 ( 1 Cos U4 2 COSb/_ ' cos B4 cos
1 do
Cap [0 (M7, c0sO)] = =9 = [ d€ap——Eap
g dfab A
average of f ab

Bernreuther, Heisler, Si , JHEP 12 (2015); arXiv:1508.05271 [hep-ph] 47




How to Extract Density Matrix of Two-Qutrits from data DM-2

TYAYY pp—Vi+Va+ X — 010 + jets + EIss

Differential cross section

~ depend on the invariant

9 ‘mass myy (or velocity )

i do 3 T [ (P ? T ) ] and scattering angle q
— — I |pv,V- 1. _ inthe V.V, cm frame

- odQTdO- 4 H | 2

’ R. Rahaman, R.K. Singh, NPB 984 (2022) 115984,
[arXiv:2109.09345]

dOQF = sin #TdOT dopt .

phase space written in terms of the spherical coordinates
(with independent polar axis) for the momenta

of the final charged leptons in the respective rest frames
of the decaying spin-1 particles

polar angle ¢£  @zimuthal angle A

PV1 Vs = density matrix of V.V,

F Density matrices that describe the polarization of the two decaying W into
— final leptons (the charged ones assumed to be massless)

these are projectors in the case of the W-bosons because of their chiral
couplings to leptons

R. Ashby-Pickering, A.J. Barr, A. Wierzchucka, JHEP 05 (2023) 020; [arXiv:2209.13990] | 48




o3

can be computed by rotating to an arbitrary polar axis the spin states of gauge bosons
from the ones given in the k-direction quantization axis

1 . .
'y =-1+ E qi T —* Density matrices for WW-bosons

Cli (Wigner g-symbols) are functions of the corresponding spherical coordinates

|

| "
set of polynomials _ a b + —
of Sphgrigal hab o o // dQ+ dO— p—l— p— dﬂ dﬂ

coordindates
(see backup slide)

1 do
fo = = m—+p @ dOT
1 dJ
— Q_

n
P:; a particular set of orthogonal functions | ( ) / p” g7 dQE = g
(see next slide) - 47 SRS

For ZZ case, the set of functions are linear combinations of qi — see backup slides 49



= =
H-<n H_n-l‘-‘-

=
H-<»

Wigner’'s Q symbols

\\\

sin O ( cos T + 1) cos gbi :

Sl Sl

sin 6 ( cos % + 1) sin gbi ;

RS

1+ 4 cos@i+360529i) ,

sin? 6% cos 2 qbi :

| = NY| = QO =

in? 0 sin 2 (,f)i :

on

sin Hi( — cos OF + 1) COS qbi :

sin f)i( — cos§* + 1) sin czﬁi :

e
Ll N )

_(— 1+ 12cosf* —3(:0526'i)

8v/3

a
/ /
7

/
y

N

pZ
pa
Pl
p3
Py
Pl

ps

V2 sin 0% (5 cos 0 + 1) cos qbi :

V2 sin % (5 cos 0F + 1) sin qbi ;

1
7 (5 4 4 cos T + 15 cos 26’i) ,

5 sin? #* cos2¢’)i :
5 sin? 6% sin 2 aﬁi :
V2 sinﬁi( — 5 cos§F + 1) cos ¢~ |
V2 sinf}i( — 5cos0t + 1) sin ¢

1
S ( — 54+ 12cosf* — 15cos29i) )
4+4/3
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Bl-1

Bell inequality

follows from slide 9 Some definitions

Lo

Consider the measurements on three directions a,b,c (not necessarily orthogonal)
on a N sample of particles pairs (particles1 and particles2)

Particle 1
N, (&+,b+,8+)

N\

N1 subsample of particles that if we measure spin in a direction we find with certainty +
and in b direction + and in ¢ direction +

Particle 2

~

N (A, b &)

due to angular momentum conservation
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® separate the two particles and measure spin correlations

Bl-2

Spin-correlations as predicted by deterministic (causal) local theories

Population Particle 1 Particle 2 8 possible combinations

N (a+,b+,¢+) (a—,b—,&—)

N, (a+,b+,¢—) (a—,b—,¢&+)

N; (a+,b—,&+) (a—,b+,¢—)

N, (a+,b—,¢—) (a—,b+,¢+)

Ns (a—,b-+,¢+) (a+,b—,&—)

Ns (a—,b+,¢—) (a+,b—,&+)

N; (a—,b—,&+) (a+,b+,¢8-)

Ng (a—,b—,&-) (a+,b+,¢+)
Since each N, ¢ is semipositive defined i N3+ Ny < (N2 + N4) + (N3 + N7)

Probability
Platihi) = BTN pe gy OEND) 1 payeyy = P20
>IN 2. Ni 2 Ni
spin+ along b for particle 2
spin+ along a for particle 1 Bell inequality

P(a+;b+) < P(a+; &+) + P(é+;b+)
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the massless case is analogous of two entangled photons
1
U — _( [ r + [ T )
NG Yr)VL) T VL) TR)

\ L,R — helicities of photon
l,r — coming from left, right directions
In both cases we need a theory to reconstruct polarizations (QED for photons and SM for taus)

Polarization of both massless taus and photons are described by

SO(2) ~ U(1) which is Abelian.

Non-commutativity nature of the polarizations show up in the four-dimensional space

of their polarizations (0\ " RR )
1 | RL
1 — v = l
V= —=(lrplH) +lpl)y) 2|1 | R
V2 \0) oy

1, 1, _
) or SlrTR)

or WV =

0
0 1
1 \/§
0

o O = O
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d*T(B® — J/ypK*0)

FIT of coefficients hk

dt dS?

10
e TN e fir(€
k=1

() = {CQS 0,cos, p}

_____________________________________

k hi fr(2)

1 A2 222 cos?Y(1 — sin®f cos?p)
2 A2 —* qg sin“y(1 — sin®é sin®y)
3 |A, |? =2 sin®1) sin”f

4 | |A||AL]sin(dy — ) —*—32= sin’*y sin20 sing

5 | Ag||Ay| cos(d)) —» %?\/_ sin21) sin*f sin2¢p
6 | Ag||AL]sin(6r) %?\/_ sin 2t sin 26 cos ¢
7 | Ag|? =-2(1 — sin’f cos’p)

8 | |Ay||As]|cos(d) — ds) m—ﬂ\f sint) sin”f sin2¢

9 | |AL||As|sin(d, — ds) =5-1/6 siny sin26 cosp
10 | Ag|| As| cos(ds) 3-4/3 costo(1 — sin®f cos?p)

(Ag contribution from
non-resonant J/Y K* amplitude)

54



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52
	Slide 53
	Slide 54

