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Entanglement and other quantum properties are crucial in:

- developing quantum technology/devices

- understanding QFT and quantum gravity
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Spin is weird
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- Z-component of spin has only two possible values: +1 and -1



- If spin is in the Z-direction, X, Y-component should be zero! (?)
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* If spin is in the Z-direction, X-component should be zero! (?)
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* If spin is in the Z-direction, X-component should be zero! (?)

s, = +1

X

—1 50%

Z Sz
—

s there a definite s, value of this particle before the s, measurement?

| 5

X s, = —1 50%

+1 50%

previously blacked s, = — 1
reappears!



|s probabilistic outcomes in experiments fundamental or due to our
ignorance about the physical state/system?



|s probabilistic outcomes in experiments fundamental or due to our
ignorance about the physical state/system?

Can’t be fundamental!
God does not play dice!

Albert Einstein



|s probabilistic outcomes in experiments fundamental or due to our
ignorance about the physical state/system?

Can’t be fundamental!
God does not play dice! Can experimentally check :-)

John Bell

Albert Einstein
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Spin-0 particle

950% < v > 90%
S < — 0
50% < > 50%
z
A 0
>X
Alice | + + - + - - + + + - + i}

Bob - X + - —+ + - - - + _ +




Alice Bob

: ; Spin-0 particle
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Alice Bob

: ; Spin-0 particle

50% < v > 950%
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Alice Bob
prob.| 2z X 0 Z X 0
Pi | + + + - - -
P | - + + | + - -
P;s | + - + - + -
Ps | + + - - - +
Ps | + - - - + +
Pe | - + - + - +
P - = + + + ~
Ps | - - -+ | + | +




Bob
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P- + + —+ -
Ps - + + +

P( +z, any)

=P1+P3+P31+P5=0.5
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P(+z, +x)= ?
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P(+z, +x) = P3 + Ps



Alice Bob
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Bob

+ ! +‘+§!+; | ! 1 D

P(+z, +x) = P3 + Ps
P( +2Z, +9) = P4+ Ps

P(+0, +x) = Ps + Py

Bell inequality

-
P(+z, +0) + P( +6, +x)

\_

> P(+2z, +x) )

~




= 4x[P(z+ 6+) + P( 0+, x+) - P(z+, x+) ]

Bell inequality

[ BO > 0 j +— forany @




B(O) = 4 x[P(z+, 0+) + P( 0+, x+) - P(z+, x+) ]

zZ Bell inequality
A 0

/ . [ B > 0 j «— forany6

‘\IJ(O ())> * B —1_ \/5 oS (6 B 71_/4)




B(O) = 4 x[P(z+, 0+) + P( 0+, x+) - P(z+, x+) ]

zZ Bell inequality
A 0
/ [ B(e) > 0 j +«<— forany @
> X
W00y — * B(B) = 1 —+/2cos (0 — 7/4)

B(O = n/4) ~ — 0414 <0 !!



B(O) = 4 x[P(z+, 0+) + P( 0+, x+) - P(z+, x+) ]

Bell inequality

> N|

Ny

B(e) > 0 +«<— forany @

B(B) = 1 — /2 cos (0 — 7/4)

KUNGL.

B(O = n/4) ~ — 0414 <0 !!

AKADEMIEN '

Violation of Bell inequality
| has been experimentally
Alain Aspect John F. Clauser Anton Zeilinger co nfi rm ed ! !

; Université Paris-Saclay & J.F. Clauser & Assoc., University of Vienna,
Ecole Polytechnique, France USA Austria

“for experiment med sammanflatade fotoner som pavisat brott mot Bell-olikheter och
banat véag for kvantinformationsvetenskap”

“for experiments with entangled photons, establishing the violation of Bell inequalities and @

; joneering quantum information science
#nobelprize 5 o



Entanglement

Alice Bob

spin = 0
® < > @

AIice\ ‘[Bob
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Entanglement = Separable
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Entanglement

Alice Bob
spin = 0
@ < - ®
Alice \ ‘[ Bob Alice measures s,
0,0 and found +
PR =2 +)®1-) - 1-)®+) ——————— [+,-)
=+ |\PA> (%9 |lIJB> «— entangled Alice’s local measurement changes

the global state involving (spacelike
separated) Bob’s particle.
~ Nonlocality

) = [¥y) ®|¥p) «— separable

all quantum states

(Entangled \

Entanglement = Separable
Separable

\_ J




Alice ' 5 (spin 0) Bob
\ 4

a (spin 1/2) p (spin 1/2)

o - L
- () The experiment consists of 4 sessions: b (s )
a Yz
t 1) Alice and Bob measure s and Sf , respectively.
Repeat the measurement many times and calculate
> a2’ (s,) (S, 8p)- £ ()

2) Repeat (1) for a and b’

3) Repeat (1) for ¢’ and b.

4) Repeat (1) for ¢’ and b’
Finally, we calculate: ScusH = ‘ (S,5) — (8,5, + (5,5, + (5,8,) ‘

CHSH inequality
Local and Real S <2 ]
* [ CHSH = [Clauser, Horne, Shimony, Holt, 1969]
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- Assuming the reality, Alice’s result is predetermined before her measurement.

- The spin components of Bob’s particle are also predetermined and not affected by
Alice’s measurement by the locality assumption.

« Without loss of generality, we can parametrise their spin components by a set of
parameters /A, which appears with the probability P(1) in each decay.

D> Py =1
A

 The spin correlation is given by

(s3-s0)y = ) P()sg(A)shd) = — 1
A



Let’s derive ( Scusy = ‘(db> — (ab’) + (a'b) + (a'b’)

23

2 abP = ) ab'P - > + aba'l/ P — (+ aba'll P) = 0
A A

(ab) — (ab)

Y [ab(l +a'b\P — ab'(l + a'b)P]
A

IA

z[\ab\ [1xab'| P+ |ab] ‘lia’b‘P]

lab| = |ab’| =1
= 2[(1ia’b’)p+<1ia/b)})] 11+ab|,|1+ab| >0
A

%(‘(ab) _ (ab’)

+ [(ab) + (ab)]) <2

= [ Scusu < 2 ]

max R — max R
@b o CHSH b CHSH




The CHSH Bell-type inequality can test not only hidden local
variable theories but also Quantum Mechanics!

2 Local theories [CHSH(1969)]

SCHSH < 2\/5 Quantum Mechanics [Tsirelson(1987)]

4 No-signalling [Popescu, Rohrlich(1994)]



- Nonlocal states in QM does not violate causality plalx,y) = ;ma,blxa y)

Condition for no causality violation: No-Signalling

p(a|x,y) = p(a|x,y’) Alice’s dist. is indep. of Bob’s choice for meas. axis
Ya,b,x,x,y,y’
p(b|x,y) =p(b|x',y) Bob’sdist.isindep. of Alice’s choice for meas. axis

No-signalling O Quantum D Local D Separable



* Violation of CHSH inequality has been observed at low energies << TeV

- Entangled photon pairs (from decays of Calcium atoms)

Clauser, 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) [50]

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

- KYK°, BB flavour oscillation ~ CPLEAR (1999), Belle (2004, 2007)

- B — J/y + K*(892)" spin correlation, S vp > 2, [360]

Fabbrichesi, Floreanini, Gabrielli, Marzola (2023)

Normalised helicity amplitude for BY — J/y + K*(892)"

[A|* = 0.227 £ 0.004 (stat.) £ 0.011 (syst.),

A1 = 0.201 £ 0.004 (stat.) &= 0.008 (syst.),

o) [rad] = —2.94 & 0.02 (stat.) £ 0.03 (syst.),
61 [rad] = 294 4+ 0.02 (stat.) + 0.02 (syst.). LHCb [1307.2782]



Testing QM at high energy colliders

Classical Quantum
Mechanics Mechanics
(Local) (Nonlocal)

large <€ > small
distance

Motivation
“* Bell inequalities/Entanglement have not been tested at the TeV energy scale:

= |_HC (and FCCee/nn) provides the unique opportunity for this test

“* Detection of Entanglement/Bell violation requires a detailed analysis of spin
correlation:

= provides a very good test for the Standard Model (sensitive to BSM)



Entangled pairs at Colliders




Entangled pairs at Colliders

[ 2 how to measure spin?
|

‘o"’@(o

e.q) H— tvt~, WW*, ZZ*



Particles with weak decays are their own polarimeters

e.g.) Fort — & + v_(t rest frame), the spin of 7 is measured in the direction of 7 (1)
and the outcome is +1.

measurement axis

m

S p(+[m) = [ {4+, |+ )

1+ @m-s)
2




Particles with weak decays are their own polarimeters

e.g.) Fort — & + v_(t rest frame), the spin of 7 is measured in the direction of 7 (1)
and the outcome is +1.

measurement axis T

m
S
S p(+1m) = | (44 | +) I’ ﬂ@/ dl 1+ (@-s)

. 1+ (m-s) 7 '," <2 2

o >
2
Uz




Particles with weak decays are their own polarimeters

e.g.) Fort — & + v_(t rest frame), the spin of 7 is measured in the direction of 7 (1)
and the outcome is +1.

measurement axis T

m
S
S p(+1m) = | (44 | +) I’ ﬂ@/ dl 1+ (@-s)
ft l+(m-Ss) aQ 2
— 72

For spins to be measurable, one must focus on entangled pairs of weakly
decaying particles

7. t, WE, 7Y



Particles with weak decays are their own polarimeters

More generally, - tau decay

a.=lfor(x=7"1n17" = 77 0)

di’’ l1+4+a,-(x-8) - top decay
dQ 2 decay product x Oy
b ~0.3925(6)
. . Wt 0.3925(6)
a. € [—1, + 1]: spin analyzing power
€l J-sp yeng p (* (from a W) 0.999(1)
d, 5 (from a WT)  0.9664(7)
u, ¢ (from a W) —0.3167(6)

Spin correlation: n, n’: spin measurement axes

X,y : direction of decay products

9
Con = ((84 - M)(s5- 1)) = ——((x - m)(y - "))

A,

Scusa = Cayng + Cayny + Coymy — Coymy, > 2 — Bellinequality violation k

1 T_> n
D =Tr[C]/3 < — g — sufficient cond. for entanglement

r




Recent activities to look into entanglements, etc. in HEP

“ Experimental observation of entanglement and Bell-ineq violation @ LHC

R tf Y. Afik and J. R. M. de Nova ’'21, 22, M. Fabbrichesi, R. Floreanini, G. Panizzo ‘21
pp Z. Dong, D. Goncalves, K. Kong, A. Navarro ‘23

A. J. Barr '21, J.A. Aguilar-Saavedra, A. Bernal, J.A. Casas, J.M. Moreno ’22,
- H—> WW,Z/Z A Bernal, P. Caban, J. Rembielinski '23, M. Fabbrichesi, R. Floreanini, E.
Gabrielli, Luca Marzola ‘23

_ 4+ o . M. Fabbrichesi, R. Floreanini, E. Gabrielli 22, M. Altakach,
- H - 77177 (@ e"e™ colliders) P Lamba, E Maltoni, K. Mawatari, KS 22, K. Ma, T. Li 23

H— WW* events H— Z7Z%*
events 400 . -

300 300
200 3 : 200

100

16 18 20 22 24 26 28

0.9 pp —> Wtw~
I3

0.5 Q 0.5

0.4

8 3 2 3

0.1 0.2 0.3 04 05 0.6 0.7 0.8 0.9

0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9
20 20

Q0 ™




Observation of quantum entanglement in top-quark
pairs using the ATLAS detector

The ATLAS Collaboration

We report the highest-energy observation of entanglement, in top—antitop quark events

(sufficient cond. for entanglement)

entangled

I d 1
A 5(1—DCOSQ&)

;dcosgp

= [ = -3 (cosy)

Particle-level D

produced at the Large Hadron Collider, using a proton—proton collision data set with a
center-of-mass enerev of v/s = 13 TeV and an inteerated luminositv of 140 fb~! recorded

| ATLAS
- /s=13TeV, 140 fb’

Som

- 2311.07288 -

—-— Limit (Powheg + Herwig7) |
---- Limit (Powheg + Pythia8) ]
mmm Theory Uncertainty |
@ Data 1
@ Powheg + Pythia8 (hvq) |
B Powheg + Herwig7 (hvq) |

340 <myi < 380

380 < myi < 500 my > 500

Particle-level Invariant Mass Range [GeV]



Maltoni, Severi, Tentori, Vryonidou [2401.08751]

1
L= Lou— 500" + M})g +c,

8 T0000)
l

8 OO0

My =343.5GeV, o =m/2

SM Fixed-Order

0.7
0.8
09 Toponium model
2m, LHC 13TeV
330 333 336 339 342 345

Mppa; [GeV]

Particle-level D

Yt
ﬁgb

>0

t(cosa+ iy’ sina)t

o4l ATLAS @..
. /s=13TeV, 140 fb'
-0.2+
| X
S . o
-0.31
S
-0.4 . .
B —-— Limit (Powheg + Herwig7) |
---- Limit (Powheg + Pythia8) |
o I Theory Uncertainty
-0.5 @ Data 1
@ Powheg + Pythia8 (hvq) |
§ B Powheg + Herwig7 (hvq)
-0.6
340 < myz < 380 380 < myz <500 my > 500

Particle-level Invariant Mass Range [GeV]




Effect of BSM pp — 1t

— A B ~
Oia = gs QTASOO-MVt G,u,z/ qu — Z%:l(quMTAQf) (thMTAt)

[Aoude Madge Maltoni Mantani (2022)] [Severi Vryonidou (2023)]
1 I T T T T T |(8)' T T ] . SM tG
. pp, Oy, -
0.8 | - --- linear
- 1 quadratic ﬂ c
7 —_— 2 2 nn
| C,L/AZ = O7/TeV 2 0.05 C,-r
1 /AP =—07/TeV = Crv
£ Crk + Cir
- 2 —— AV /3
1. 99 Oiq ] § 0.00 A~ /3
1 L \\ \\\ i 8
: \\ "':\\ qq_)
T e '_ 5
1 \-N 1 —0.05
0O 02 04 06 08 10 02 04 06 08 1 —0.50 —0.25 0.00 0.25 0.50
g A3 cc[AN=1TeV]

[ top velocity in the ¢7 rest frame

Ai — :|:<Ok:k + Crr) - Cnn —1



H— 7t~ @ ete™ colliders

M. Altakach, F. Maltoni, K. Mawatari, P. Lamba, KS, Phys.Rev.D 107 (2023) 9, 093002 [2211.10513]



Experimental Challenge in H — 777

Among weakly decaying particles, 7, 1, W=, ZO, the tau-lepton is special because m_ << my

One has to measure the direction of pions at the rest frame of each tau.

— Reconstruction of the tau rest frames (i.e. neutrino reconstruction) is necessary

_ 7l
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Experimental Challenge in H — 777

Among weakly decaying particles, 7, 1, W=, ZO, the tau-lepton is special because m_ << my

One has to measure the direction of pions at the rest frame of each tau.

— Reconstruction of the tau rest frames (i.e. neutrino reconstruction) is necessary

ﬂ_‘\:_ . :—'_N t
< >
“e =>
spin spin
[ m, < my }

T T H Tt 7l
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H — 77 @ lepton colliders

 For precise event reconstruction and for much smaller background, we
consider lepton colliders.

LHC | ILC

% 180 - LI I LI l. I .I LI I LI l LI l LI :
S 160 —_f\/‘[LAS Preliminary ¢ Data e
o - /s =13TeV,139fh" Uncertainty . + -
= ' : %
~ 140 - All VBF_1 SRs - (092 X SM) ZH—=pu X
g 120 : + — Ot_h’eTrTbackgrounds ; i Siagnal+Back d
a T F + ~ 1 Misidentified r 1 i ’ *  Dlgnalrbackgroun
100 = = ——— Fitted signal+background -
: . ——— Signal
80 - - _
- ] Fitted background
60 - =
40 - =
20 —
0 LI I LI I LI I LI l LI | l LIS
2 50 —
L .
| IIIA L. @ -0 .. --..E
s - O §
m - ] ] ] ] ] ] ] ] 1 “
a -30 pov by v b b by d 115 120 125 130 135 140
50 75 100 125 150 175 200
MMC [GeV] /G eV

recon



(PreCO),u — _ pH M2

e+e /—XxX recoill — (

Prec0)2

—125GeV | < 5GeV

Event selection: | M.

ILC FCC-ee
250 240
)3 5
i beam resolution e (%)| 0.18 |0.83 x 10~*
ete” > Z+ (Z¥y) = ff+ 77T beam resolution e~ (%)| 0.27 [0.83 x 10~*
)
)
)

energy (GeV

lum1n081ty( ab™!

olete” — HZ) (fb)| 240.1 240.3
# of signal (6 -BR - L - ¢ 385 663
# of background (o -BR - L - ¢ 20 36

- Generate the SM events (kx, 0) = (1,0) with MadGraph5.

- 100 pseudo-experiments to estimate the statistical uncertainties



(PreCO),u — _ pH M2

e+e /—XxX recoill — (

PI’CCO)2

—125GeV | < 5GeV

Event selection: | M.

ILC FCC-ee
energy (GeV)| 250 240
3 3 5
)| 0.18 [0.83 x 10~*
beam resolution e~ (%)| 0.27 |0.83 x 10~*
olete” — HZ) (fb)| 240.1 240.3
)
)

luminosity ( ab™

) beam resolution e* (%
ete™ > Z+ (Z*y*) - ff+17c”

# of signal (6 -BR - L - ¢ 385 663
# of background (o -BR - L - ¢ 20 36

- Generate the SM events (kx, 0) = (1,0) with MadGraph5.

- 100 pseudo-experiments to estimate the statistical uncertainties



- To determine the tau momenta, we have to reconstruct the
unobserved neutrino momenta (py, py, p;), (Py, Py, P-)-

- 6 unknowns can be constrained by 2 mass-shell conditions
and 4 energy-momentum conservation.

m2=(p.) = (p,. +p,)>
m>=(p.)*=(p,-+p,)*

(Pee =P = 1)y = |(Pr + D)+ (Dpe + 1)

=> 2-fold solutions.

1
SM _
CM = 1
~1

Comlpl = 1

reproduced very accurately in the simulation

— we found that false solutions also give the
correct correlations! (?)

ScHSH = 2\/5



Effect of momentum mismeasurement

Efrue — E;’bs = (1+o0g-w)- B

l

OfF — 0.03

(i=n",e*u™,j)

\ random number drawn from the normal distribution

ILC FCC-ee
—0.600 # 0.210 0.003 £0.125 0.020 4 0.149 —0.559 £ 0.143 —0.010 £0.095 —0.014 4 0.122
Cij 0.003 = 0.125 —0.494 +=0.190 0.007 £ 0.128 —0.010 £0.095 —0.494 £0.139 —0.002 4+ 0.111
0.048 &2 0.174 0.0007 £ 0.156 0.487 4 0.193 0.012+£0.124 0.0204+=0.105 0.434 +0.134
Clo 0.030 = 0.071 0.005 £ 0.023
ScHsH/2 0.769 4 0.189 0.703 £ 0.134
1 SM
SM _ — —
G = 1 Comlpl =1 Schsu/2 = V2
—1

Momentum smearing spoils the previous good resullt...




Use impact parameter information Goal:

Eitrue N EiObS N Eitrue (i=7ti,ei,,ui,j)

What we do:

- modify El.ObS for some amount by o

E™ — E(5) = (1 + 6;0p) - EP™




Use impact parameter information Goal:

Eitrue N El-ObS N Eitrue (i=7ti,ei,,ui,j)

What we do:

- modify El.ObS for some amount by o

E™ — E(5) = (1 + 6;0p) - EP™

- solve tau direction e ()

—_
— lets us calculate b, as functions of o

b (e,4) = |byl- [e,« -sin”' O — e+ -tan ' O4]



Use impact parameter information Goal:

Eitrue N El-ObS N Eitrue (i=ﬂi,€i,ﬂi,j)

What we do:

- modify El.ObS for some amount by o

E™ — E(5) = (1 + 6;0p) - EP™

- solve tau direction e ()

—_
— lets us calculate b, as functions of o

- compare the calculated b'*°°(§) and measured b3
2 foid solutionsity = 12 and construct the likelihood function

Ay (8) = by — b (e, ()

Al (§)]2 4+ [A= (8)2  [A (8)]?
Lzs(é) _ [ bi( )] 2[ bi( )]y 4 [ b(:;2( )] 4 5721-+ 4 5721-_ 4 5323 + 53%
bz

minimizing L(8) would give us the correct set of s and solution I



ReSUIt 2211.10513

ILC FCC-ee
0.830+0.176  0.020 £ 0.146 —0.019 £ 0.159 0.9254+0.109 —0.011£0.110 0.038 £ 0.095
Cii; —0.034 £0.160 0.981 £+ 0.1527 —0.029 + 0.156 —0.009 £0.110 0.929+0.113  0.001 +£0.115
—0.001 £0.158 —0.021 +0.155 —0.729 + 0.140 —0.026 £ 0.122 —0.019+0.110 —0.879 £ 0.098
Clp] 0.778 +0.126 0.871 + 0.084
ScusH/2 1.103 £ 0.163 1.276 + 0.094
I SM
SM __ _ _

-1




Result

2211.10513
ILC FCC-ee
0.830 £ 0.176  0.020 = 0.146 —0.019 £ 0.159 0.925 £ 0.109 —0.011 £0.110 0.038 & 0.095
Cii |l —0.034£0.160 0.981 +0.1527 —0.029 £ 0.156 | | [ —0.009 £ 0.110 0.929 4+ 0.113  0.001 & 0.115
—0.001 +0.158 —0.021 £0.155 —0.729 +0.140/ | \ —0.026 + 0.122 —0.019 £ 0.110 —0.879 + 0.098
Clp] 0.778 £ 0.126 ~ 50 0.871 £0.084 > 50
Scrst/2 1.103 £ 0.163 1.276 £0.094 ~ 30
: SM
SM _ _ _
i = 1 Comlp]l =1 Schsu/2 = V2
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Result

2211.10513

ILC

FCC-ee

0.830 = 0.176  0.020 =0.146 —0.019 =0.159
Ci; —0.034 = 0.160 0.981 £ 0.1527 —0.029 £ 0.156
—0.001 £0.158 —0.021 £0.155 —0.729 = 0.140

0.925+£0.109 —-0.011 £0.110 0.038 4+ 0.095
—0.009 =0.110 0.9294+0.113 0.001 £0.115
—0.026 =£0.122 —0.019 = 0.110 —0.879 = 0.098

Clp] 0.778 £ 0.126 ~ 50 0.871+£0.084 > 50
Scrsn/2 1.103 £ 0.163 1.276 = 0.094 ~ 30
1
SM _ — SM —
—1

Superiority of FCC-ee over ILC is due to
a better beam resolution

ILC FCC-ee
energy (GeV)| 250 240
luminosity (ab™') 3 5
beam resolution e™ (%)| 0.18 | 0.83-10~*
beam resolution e~ (%)| 0.27 | 0.83-10*




CP measurement

. . . CP
- Under CP, the spin correlation matrix transforms: C — c’

 This can be used for a model-independent test of CP violation. We define:

A= (Crn o Cnr)2 + (an o Ckn)2 T (Ckr _ rk)2 >0

- Observation of A # 0 immediately confirms CP violation.

 From our simulation, we observe

—

0.112+0.085 (FCC-ee) absence of CPV

{ 0.204 +0.173  (ILC) consistent with

- This model independent bounds can be translated to the constraint on the CP-
phase 0

(c0s25 sin28 0
ZLine * Hp(cos o+1iyss1no) y, » Cj=|-sin26 cos25 O * A(6) =4 sin? 2o
. 0 0 —1)




CP measurement

- Focusing on the region near | 0| = 0, we find the 1-0 bounds:

8.9° (ILC)
9] < { 6.4° (FCC-ee)

* Other studies:
Ao ~ 11.5° (HL-LHC) [Hagiwara, Ma, Mori 2016]

Ao ~ 4.3° (ILC) [Jeans and G. W. Wilson 2018]



Summary

» High energy tests of entanglement and Bell inequality has recently attracted an
attention.

|+’_>+|_’+>

V2

. 7717 pairs from H — 771~ form the EPR triplet state |w(.9) =

and maximally entangled.
- We investigated feasibility of quantum property tests @ ILC and FCC-ee.

- Quantum test requires to a precise reconstruction of the tau rest frames and IP
information is crucial to achieve this.

« Spin correlation is sensitive to CP-phase and we can measure the CP-phase as a
byproduct of the quantum property measurement.

Entanglement Steering Bell-inquality CP-phase




So far, the literature focuses on tWO—particIe entanglement

v

what about three-particle entanglement?

+ KS, M. Spannowsky [2310.01477]
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3-Particle Entanglement

3-particle entanglement has a much richer structure that 2-PE !

- Ent. btw 2-individual particles

@ * Ent. btw one-to-other

T 7 2 2 2
* “Monogamy” Cj ey = Cip+ Cic

- “Genuine” 3-particle entanglement /[,

@ (non-separable even partially)

— 2 -{00) s+ Bo)—

3-body decay: X — ABC

explore all possible Lorentz invariant interactions



How to quantify entanglement?

Ex.) Concurrence [ for 2 qubit system ]
Clp] = max(0,m1 —n2 —n3 —ma) € [0,1]

N > 1, > 13 > 1y are eigenvalues of \/pp with p = (6, ® 0,)p*(c, ® 0,).

density matrix — p = sz‘\ljz><\ljl‘

— () <«— not-entangled (pi >0, ) pi=1)

Clp
> () <«— entangled
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How to quantify entanglement?

Ex.) Concurrence [ for 2 qubit system ]
Clp] = max(0,m1 —n2 —n3 —ma) € [0,1]

N > 1, > 13 > 1y are eigenvalues of \/pp with p = (6, ® 0,)p*(c, ® 0,).

How to compute the entanglement btw. 2-individual qubits?

W)= ) cave la)a ®[b)p ® |c)c

a,b,c
@ trace out A a, b’ & [0’ 1]
= ppc = Tea|¥) (Y]

CBC



How to quantify entanglement?

Ex.) Concurrence [ for 2 qubit system ]

Clp] = max(0,m1 —n2 — 13 —1n4) € [0,1]

n > 1, > 13 > 1y areeigenvalues of \/pp with p = (6, ® 0,)p*(c, ® 0,).

How to compute the entang btw. 2-individual qubits?



How to quantify entanglement?

Ex.) Concurrence [ for 2 qubit system ]

Clp] = max(0,m1 —n2 — 13 —1n4) € [0,1]

n > 1, > 13 > 1y areeigenvalues of \/pp with p = (6, ® 0,)p*(c, ® 0,).

How to compute the entang btw. 2-individual qubits?

CAB’ CBC’ CAC
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How to calculate entanglement btw A and (BC) ?

- For a pure state |V) € #, @ # 5, the concurrence can be computed as

Ca(Bo) = | = /201 - Tro? ) ppe = Tra|U) (T



How to calculate entanglement btw A and (BC) ?

- For a pure state |V) € #, @ # 5, the concurrence can be computed as

Capoy = ClIW) = /2(1 - Trp%,) ppe = Tra|U) (T




Monogamy

» A-(BC) entanglement limits A-B and A-C entanglements

o
-~ @ 0 T ® C

[Coffman, Kundu, Wootters ’99]
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» A-(BC) entanglement limits A-B and A-C entanglements

= @ i

 Coffman-Kundu-Wootters (CKW) monogamy inequality [Coffman, Kundu, Wootters "99]
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Monogamy

» A-(BC) entanglement limits A-B and A-C entanglements

> o *

 Coffman-Kundu-Wootters (CKW) monogamy inequality [Coffman, Kundu, Wootters "99]

9
)
V

> >
ABC) = Cap + Cic

2 2
CBA CBC

o
>

\®
vV

&
V

> >
cap) = Cca T Ccp



Monogamy
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Monogamy

» A-(BC) entanglement limits A-B and A-C entanglements

> 4o

 Coffman-Kundu-Wootters (CKW) monogamy inequality [Coffman, Kundu, Wootters "99]

9
)
V

2 2 2
CA(BC) CB(AC) = CC(AB)

( )

Casey+ Cac) = Ceany

\_ _/

o
>
\®
vV
'V

S
>

&
v




A “concurrence triangle”

Cews) Chac)
{CA(BC)"l' Cpac) 2 CC(AB)] —

B C
CA(BC)



A “concurrence triangle”

Cews) Chac)
{CA(BC)"l' Cpac) 2 CC(AB)] —

B C
CA(BC)

Genuine Multi-particle Entanglement (GME) measure: [Dur, Vidal, Cirac 00, Ma, Chen, Chen,
Spengler, Gabriel, Huber ’11, Xie, Eberly '21]

GME should satisfy the following properties:

(1) vanish for all product and biseparable states = unseparable even partially

(2) positive for all non-biseparable states )4 @ (]00) e + |11) go)

(3) not increase under LOCC = F =0



A “concurrence triangle”

Cewus) Cpac)
{CA(BC) + Cpac) 2 CC(AB)] $ F 3

B C
CA(BC)

Genuine Multi-particle Entanglement (GME) measure: [Dur, Vidal, Cirac 00, Ma, Chen, Chen,
Spengler, Gabriel, Huber ’11, Xie, Eberly '21]

GME should satisfy the following properties:

(1) vanish for all product and biseparable states = unseparable even partially

(2) positive for all non-biseparable states )4 @ (]00) e + |11) go)

(3) not increase under LOCC = F =0

Jin, Tao, Gui, Fei,
* The area of the “concurrence triangle” satisfies (1), (2), (3) ! E_i[T,OS??Qialg (28'23)]

4 » ~
[ = |$0(Q - Cawo) (Q ~ Coac) (Q ~ Com) | € [0, 1]

1 _
Q= 5 Case) + Coac) +Coan))




3-body decay: v, — v;p,y;

Z Assumptions: [KS, M.Spannowsky 2310.01477]

- all particles have spin 1/2
- all final particles 1,2,3 are massless

Kinematics:
. - rest frame of the initial particle O
plljJ — p1(17 07 07 1)
A A . p, is in the z-axis .
A3 \\2 P1 py = p2(1,sin by, 0, cosby)
2 - decay is in the x-z plane py = p3(1, —sin 63,0, cos 3)

n(0, ¢) : polarisation of initial spin

A1, A2, A3 € (4, —) : helicities of 1,2,3
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Z Assumptions: [KS, M.Spannowsky 2310.01477]

- all particles have spin 1/2
- all final particles 1,2,3 are massless

Kinematics:
. - rest frame of the initial particle O
plljJ — p1(17 07 07 1)
A A . p, is in the z-axis .
A3 \\2 P1 py = p2(1,sin by, 0, cosby)
2 - decay is in the x-z plane py = p3(1, —sin 63,0, cos 3)

n(0, ¢) : polarisation of initial spin

A1, A2, A3 € (4, —) : helicities of 1,2,3

initial state

n(f,¢))



3-body decay: v, — v;p,y;

initial state

n(0,¢))

* p1isin the z-axis

1=
I >\1 )\2 )\3

)\17)\27>‘3

Assumptions: [KS, M.Spannowsky 2310.01477]

- all particles have spin 1/2
- all final particles 1,2,3 are massless

Kinematics:

- rest frame of the initial particle O

plljJ :p1(170707 1)
py = p2(1,sin b, 0, cos )

- decay is in the x-z plane py = p3(1, —sin 63,0, cos 3)

n(0, ¢) : polarisation of initial spin

A1, A2, A3 € (4, —) : helicities of 1,2,3

/ amplitude

‘)\17 )\27 )\3><)\17 )\27 )\3| Mg\ll,)\g,)\g — <)\17 )\27 >\3|Il((97 ¢)>

)\1,>\2,>\3’)\17 A2, )\3> +

final state



3-body decay: v, — v;p,y;

Z Assumptions: [KS, M.Spannowsky 2310.01477]

- all particles have spin 1/2
- all final particles 1,2,3 are massless

Kinematics:
* - rest frame of the initial particle O
.. . plf :p1(170707 1)
* Pyisinthe z-axis Py = p2(1,sin 3,0, cosbz)
- decay is in the x-z plane py = p3(1, —sin 63,0, cos 3)
n(0, ¢) : polarisation of initial spin
A1, A2, A3 € (4, —) : helicities of 1,2,3
/ amplitude
i ‘)\17)\27)‘3><)\17)\27)\3| ngll,)\g,)\g — <)\17)\27>\3|n((97¢)>
A1, >\2 A3
Initial state I

t led
n(00) = T M hdede) = W) e B

>\17)\27>\3



Interaction

- Consider most general Lorentz invariant 4-fermion interactions

4 B ~ ) )
Ling = (11 av0) (s p1ha) Yo = Y1
FA/B S {17 /757 ,y,u’ ,y,u,y57 O-'LW}
\_ W,
% Scalar-type
— , — . CECS—l—iCAzeiél
1(cs +icays)hol[ths(ds + idays )] d=dg+idy = e

* Vector-type
14++°

2
CL,CR, dL7 dR c R

Pr/p =
(W17, (cn Pr + crPr)Yol[3y* (dr Pr, + drPr) 2] /

 Tensor-type

n - c=cy +icg = et

Wl (CM + iCE75)UMV¢O] [¢3(dM + idE/75)0-,uz/¢2] d=dy + idp = 2



[KS, M.Spannowsky

2310.01477] Scalar

C=cg+1icy = et

Lint = [Y1(cs +icays)vol|[Ws(ds + idays)a) d=dg +idy = e
cd cd* c*d c*d*
* W) = \ﬁ-e¢sg]———>— 7 €58 — ++) + 7 N e 7 8|+ ++)
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2310.01477] Scalar

C=cg+icy = e

Lint = [Y1(cs +icays)vol|[Ws(ds + idays)a) d=dg +idy = e
cd cd* c*d crd*
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independent of final state momenta 65, 03
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m— F3 — O

“* 1is not entangled with 2 and 3 in any way:
z
Ci2 = C13 = Cy(23) =0 :

“ 2 and 3 are maximally entangled

623:1




[KS, M.Spannowsky

2310.01477] Scalar

C=cg+icy = e

Lint = [Y1(cs +icays)vol|[Ws(ds + idays)a) d=dg +idy = e
cd cd* c*d crd*
* W) = \ﬁ-e¢sg\———>— 7 €58 — ++) + 7 N e 7 8|+ ++)

independent of final state momenta 65, 03

= [ce’?sS|-)1 + c*ch|+)1] ® L [d| — =)oz — d*| + +)23]  bi-separable

V2
m— F3 — O
“* 1is not entangled with 2 and 3 in any way:
Ci2 = C13 = Cy23) =0
“ 2 and 3 are maximally entangled X
PAA
o001
623 =1 @0 | |

C3(13) > Cla + Ca3

“* Due to monogamy, 2 and 3 are maximally entangled with the rest ) ) 5

C312) = Ciz3 +Ca3
| |

Ca(13) = C312) = 1 0
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[KS, M.Spannowsky

2310.01477] VeCtor 1 4+ A5

Pr/r = 5
Lint = [V17u(cLPL + crPR)Yo)[Wsy"(dLPr + drPr)v»2) CL,CRr,dr,dr € R

* W) = Mpp|—+—)+Mrg|——+)+Mpgr|++—)+Mgrr|+—+)



[KS, M.Spannowsky

231’0.0.1 477] Ve CtO r 144°

Pr/r = 5
Lint = [V17u(cLPL + crPR)Yo)[Wsy"(dLPr + drPr)v»2) CL,CRr,dr,dr € R

* W) = Mpp|—+—)+Mrg|——+)+Mpgr|++—)+Mgrr|+—+)

o cudis [chel +cs3s8] |~ =) + crdns [ehely + @585 | - —4)
+ cndis [efs — e¥sGeT] |+ +-) + crdrs [e35F — e¥sieF] |+ —+)




[KS, M.Spannowsky

231’0.0.1 477] VeCtOr 144°

Pr/r = 5
Lint = [V17u(cLPL + crPR)Yo)[Wsy"(dLPr + drPr)v»2) CL,CRr,dr,dr € R

* W) = Mpp|—+—)+Mrg|——+)+Mpgr|++—)+Mgrr|+—+)

0 crdns® [ogelh +e%sgoB] = +-) + cudnsh [chelh +ePs8s] | - —4)
+ cndis [efs — e¥sGeT] |+ +-) + crdrs [e35F — e¥sieF] |+ —+)

“* Individual 2-party entanglement:

Cio=Ci3=0, Coz3 =2|MrLM;p+ MprrMgg|




[KS, M.Spannowsky

231’0.0.1 477] VeCtOr 144°

Pr/r = 5
Lint = [V17u(cLPL + crPR)Yo)[Wsy"(dLPr + drPr)v»2) CL,CRr,dr,dr € R

* W) = Mpp|—+—)+Mrg|——+)+Mpgr|++—)+Mgrr|+—+)

0 crdns® [ogelh +e%sgoB] = +-) + cudnsh [chelh +ePs8s] | - —4)
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“* Individual 2-party entanglement:
Ci2=Ci3 =0, Co3=2|Mr Mfr+ MrrMpp|

“* one-to-other entanglement:

Ca13) = C3012) = 24/ (| M L] + [Mpe|?) (IMLR|? + [MRR|?)
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[KS, M.Spannowsky

231’0.0.1 477] VeCtOr 144°

Pr/r = 5
Lint = [V17u(cLPL + crPR)Yo)[Wsy"(dLPr + drPr)v»2) CL,CRr,dr,dr € R

* W) = Mpp|—+—)+Mrg|——+)+Mpgr|++—)+Mgrr|+—+)

0 crdns® [ogelh +e%sgoB] = +-) + cudnsh [chelh +ePs8s] | - —4)
+ cndis [efs — e¥sGeT] |+ +-) + crdrs [e35F — e¥sieF] |+ —+)

“* Individual 2-party entanglement:
Ci2=Ci3 =0, Co3=2|Mr Mfr+ MrrMpp|

* one-to-other entanglement:

Ca13) = C3012) = 24/ (| M L] + [Mpe|?) (IMLR|? + [MRR|?)

Ci(23) = 2|MrrMypL — MLrMpgy|

“* Monogamy

M; = Cipy — [C +CL] = My = = Ci(23) >




[KS, M.Spannowsky

231’0.0.1 477] Ve CtO r 144°

Pr/r = 5
Lint = [V17u(cLPL + crPR)Yo)[Wsy"(dLPr + drPr)v»2) CL,CRr,dr,dr € R

* W) = Mpp|—+—)+Mrg|——+)+Mpgr|++—)+Mgrr|+—+)

o erdps® [c§e +%sgoB] = +o) + cudnsh [chels +e¥s8s%] | - —+)
+ cndis [efs — e¥sGeT] |+ +-) + crdrs [e35F — e¥sieF] |+ —+)

“* Individual 2-party entanglement:
Cia =Ci13 =0, Co3 = 2|MLLMER + MRLM;:}R| <«— vanish if dpdr =0

“* one-to-other entanglement:

62(13) — 63(12) = 2\/(’MLL‘2 + ‘MRLP) (’MLRP -+ ’MRR‘Q) «— vanish if cccgr =drdr =0

Ci(23) = 2|MrrMrr — ML pMgr| <— vanishif crcrdrdr =0

+ Monogamy Q All entanglements vanish for weak decays

cpr =dp =0
_C%(Jk) CQ +C * My = 61(23) \R L




F3 for Vector

n = e, n— 1(ex—|—ey—|—ez)

Il.O
0.8

F3, Vector, coupllngs 172, 6=§ p==1 F3, Vector, coupllngs 1V2, 6=1, ¢="1

m i . “ I 1.0 1T -
§ | 0.8
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4 F )

== C1(23)

- = C313)=0C3(12)
vevnr Cos [V]

M{=M,=M;5= Cf(23))

6, =zm, 63=2n, couplings = 1/\/2
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[KS, M.Spannowsky

2310.01477] Tensor
c=cy +icg = ™!

Ling = Wl (CM + Z.CE/75)O-MV¢O] [7753 (dM + Z'dE’YS)O-/M/wQ] d=dy +idg = e™?



[KS, M.Spannowsky

531001477 Tensor

C = CM —|—ZCE —_— ezwl

Ling = [221 (CM + iCE75)0MVwO] [7753 (dM + Z'dE’YS)O-MVwQ] d=dy +idg = e™?
B (V) = Mg|+++) + M| — ——)
o d 26585 % 5% + chsBTR] |+ ++) + ed [e?s§s P + 2855 sG] — —)




[KS, M.Spannowsky

531001477 Tensor

c=cy +icg = e
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531001477 Tensor

c=cpy +icg = ™!

Ling = [1(ear +icuys)ot o[ (dar +idpys) o o] d = dy +idp = ™
B (V) = Mp|+++) + M| - ——)
X *d 26958525 % 4 eGP0 |4 +4) + cd [5G P50 + 28555 ]| — )

<+ |¥) interpolates product states and the maximally entangled state:

sll+++)+1-—=) (Mgr=Mp)

(MpMp =0) | ) +—> |GHZ) =

%\

* No individual 2-party entanglements: Monogamy is trivial
Ci12 =Ci13=Ca3 =0 —> Ciy =0 +Ch =

¢ one-to-other entanglements are universal:

Ci(23) = Co(13) = C3(12) = 2|MRp M |

F3 = 4|MrMy|?



[KS, M.Spannowsky

531001477 Tensor

] - v 7 : ¢ = ey +icg =[e!
Lint — Wl (CM + ZCE/)/5)O-'u wO][¢3(dM + ZCZE’Y5)O-,W/77D2] d=dy +idp o e™?
B V) = Mg|+++) + M| - ——)
X c'd’ [26'@8 878%+Cg863 92]|+—|—+> + cd |—e Sgse3 b2 1 2c4 s%s%’”———)

<+ |¥) interpolates product states and the maximally entangled state:

(MrMp =0) | ) ¢— |[GHZ) = (| +++)+|-——)) (Mpr=Mp)

%\

* No individual 2-party entanglements: Monogamy is trivial
Ci12=C13=C23=0 —> Ciy 2Ch+C =

¢ one-to-other entanglements are universal:

_ _ _ \
Ci(23) = Co13) = C3012) = 2|Mpr M| independent of the coupling
» structure (CP phases)

F3 :4‘MRML|2 Wi, W92




F3 for Tensor

_ 1
n = e, n=—(e; +e, +e.)
nl_—'3, Tensor, couplings =1/V2, 6=3, =3 nF3' Tensor, couplings =1/V2, 19=§, ¢=% Lo
‘ Io.s
______________________________________________ 3n |
7
- 0.6 - 0.6
______________________________ 9 m
3 2
- 0.4
_______________ m
N 0.2
0 1 0.0
0

[KS, M.Spannowsky 2310.01477]
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Discussion

What to do with it?

¢ measure/study 3-body entanglements experimentally e.g. in hadron decays

* look for theories to maximise/minimise the entanglement

minimising entanglement Carena, Low, Wagner, Xiao [2307.08112]

in® ®, — © D,
general 2HD » |maximum SO(8) sym. —— SM-like Higgs

Future directions:

“* Effect of masses in the final particles

“* More spin structures: SFFV, VVFF, SFV Fy s2, SVVI -

* 3-body non-locality [Mermin '90, Svetlichny ’87]
Merminineq: (By)ir <2 (Bum)gu <4 By = abd + ab'c + a'be — a'b' ¢

Horodecki, KS, Spannowsky, in progress



Thank you for listening!
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[Afik, Nova (2021, 2022)] pp —> tlT @ LHC

- At the rest frame of ¢, the kinematics is determined by:

® : the angle between ¢ and the beam line (0 < ® < z/2)

M : the inv. mass of 11

- 22 and ¢gq initial states contribute stochastically v
= the tf spin state is necessarily mixed

gw*t

LM A (M, ®)

p(Mt;, ®) = Z WI(Mtfa ®) ) pI(Mtf, ®) WI(Mtf’ ®) —

I=gg.,qq ZJ LJ(Mtf)AJ(Mtfa @)

Al(M -, ©) : partonic differential x-section

L,(M,;) : luminosity function



Yellow solid: C[p] > 0
Black dashed: Sqyqyg = 2
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my (GeV)

MC-sim: di-leptonic decay, pp — tf — (b v)(bL D)

2000 selecting events here

1500 - g HL-LHC (L = 3ab~!)  [Severi, Boschi, Maltoni, Sioli (2022)]
1000 |C,+C..|—C, =136+0.07 > 1 = Entanglement > 5¢
500 V2Sesn/2 =220+0.1 > 2 = Bell nonlocality ~ 1.8¢

00 05 1.0 15
g (rad)

MC-sim: semi-leptonic decay, pp — tt — (bf'v)(bj))
—

[Dong, Goncalves, Kong, Navarro (2023)] boosted top-tagging

1.4 1.5
m: > 800 GeV  —=— Expected mg>1.3TeV  —s— Expected
1.2 |COS6CM| <0.6 50 |COSGCM| <0.2 50
1.0 20 1.01 20
>8] Bell nonlocal
o~ 0.51Bell nonlpca
W 0.6‘% m
0.4 Entanglement
0.21 *
R 0.5
102 103 103

L [fb~1] C [fb~1]



Entanglement in CMS

Recently, 1) has been measure by CMS

in di-leptonic pp — tt

entanglement

Tr|C] 1
= <——
3 3
l do 1=Dcosg
o dcos g - 2
CMS result:

D =-0.237%x0.011

|
>__
3

[Phys. Rev. D 100, 072002]

CMS ' T ' ' T

35.9 fb™' (13 TeV)

N ¢ Unfolded data
| — POWHEGV2 + PYTHIAS

- -~ MG5_aMC@NLO + PYTHIAS [FxFx]

----NLO, SM
-- NLO, uncorrelated |

________

. . | . . |
mStat  Stat @ Syst |

entanglement is not detected

To see the entanglement, selecting certain kinematical regions is crucial.

A dedicated analysis is needed.



[Barr (2022)]
H _) ‘4/ ‘4/ >I< ZZ>I< [Aguilar-Saavedra ,Bernal,
b Casas, Moreno (2022)]
[Aguilar-Saavedra (2023)]

. . . [Fabbrichesi, Floreanini,
- Conceptually less clear since one particle is off-shell. Gabrielli, Marzola (2023)]

= virtual particle with mass shifted: my. =f-m; (0<f<1)

- two qutrits (rather than qubits)

- the final state is pure:

[Wyy=) = | +—=) = 100) + | —+)
= (almost) maximally entangled

mig— (L +fyPmy

P 2fmi



CGLMP function

CGLMP Qutrit inequality

[Collins Gisin Linden Massar Popescu (2002)]

=

\_

I; = PA,=B) + PB,=A,+1)+ P(A,=B,) + P(B,=A4))

—P(A,=B,-1) — P(B,=A,) — PA,=B,—1) — PB,=A, — 1)

") P(A; = B; + k) is the probability that A; and B; are differ by k mod 3

~

J

2 Local theories

1 + \/1 1/3 ~2.9149 Quantum Mechanics



Quantum state tomography

- It is convenient to reconstruct the density matrix from the kinematics, then
analysis entanglement and nonlocality

 density matrix is 9 x 9 Hermitian matrix with unit trace. It can be expanded by
two sets of Gell-Mann matrices and 8 + 8 4+ 64 = 80 real parameters (9% — 1)

1 1 8 1 8 8
D = 5(1@1)+§Zai(,1i®1)+§ij(1®,1j)+chj(zi@mj)
i=1

=1 iji=1

- real parameters q;, b;, ¢;; can be reconstructed from the directions of two charged

. . : . P
leptons, n; and n,, using the eight Wigner P functions, (I)l.

1 1 1
a;, = 5 <d)fn1>av bi = 5 <(Dfn2>av Cij — Z <((I)f)n1)(d)fn2)>

av

[Ashby-Pickering, Barr, Wierzchucka (2022)]



Quantum state tomography

- Wigner functions for W* — #*v

P+t
(I)l

P+t
(I)Z

P+
(1)3

P+t
(I)4

V2(5cos 6 + 1) sin 6 cos ¢
V2(5cos @ + 1) sin 6 sin ¢
T(+4cosf + 15 cos 20 + 5)
5 sin” 0 cos 2¢

[Ashby-Pickering, Barr, Wierzchucka (2022)]

&+ = 5sin? § sin 2¢
&L+ = V/2(£1 — 5cos 0) sin  cos ¢
OLF = V/2(+1 — 5cos §) sin O sin ¢

OLF = ﬁg (£12cosf — 15cos 20 — 5)

\]
|




[Fabbrichesi, Floreanini,

CGLMP function /5 in optimal measurement axes o Marzola 2023
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Effect of BSM pp — 1t

— A B ~
Oia = gs QTASOO-MVt G,u,z/ qu — Z%:l(quMTAQf) (thMTAt)

[Aoude Madge Maltoni Mantani (2022)] [Severi Vryonidou (2023)]
1 I T T T T T |(8)' T T ] . SM tG
. pp, Oy, -
0.8 | - --- linear
- 1 quadratic ﬂ c
7 —_— 2 2 nn
| C,L/AZ = O7/TeV 2 0.05 C,-r
1 /AP =—07/TeV = Crv
£ Crk + Cir
- 2 —— AV /3
1. 99 Oiq ] § 0.00 A~ /3
1 L \\ \\\ i 8
: \\ "':\\ qq_)
T e '_ 5
1 \-N 1 —0.05
0O 02 04 06 08 10 02 04 06 08 1 —0.50 —0.25 0.00 0.25 0.50
g A3 cc[AN=1TeV]

[ top velocity in the ¢7 rest frame

Ai — :|:<Ok:k + Crr) - Cnn —1



Local Real Hidden Variable theories: Mermin ineq:

Pabe|XYZ) = Y o P@X)ROY)ACZ) = (Bu)ir <2 (Bu)qu <4

Hybrid (Local-Nonlocal) Real theories:

P(abc| XY Z) = Zq,\PA ab| XY )P\(c|Z) +un (ac| X Z)P,(b]Y) +zqv (belY Z) P, (a| X)

—> <BS>HLR S 4 <Bs>QM S 4\/5 Svet“Chny |neq



Observables

Observables

Nonlocality for Vector
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[KS, Spannowsky, Horodecki, in progress]
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[KS, Spannowsky, Horodecki, in progress]



measures axis: x € {1} y € {n}

outcome: a € {—1,+ 1} i z ! be{-1,+1}
probability for a: p,(a|x) ¢ > @ pp(bly)

Any data is expressed by the joint distribution p(a, b ‘ X, y)

= Models describing the experiment can be classified by possible forms of p(a, b |x, y)
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measures axis: x € {1} q, y € {n}

outcome: a € {—1,+ 1} g 2 ! be{-1,+1}
probability for a: p,(a|x) ¢ ﬂ > @ ppbly)

palalx, /) pebly, 1)

Any data is expressed by the joint distribution p(a, b ‘ X, y)

= Models describing the experiment can be classified by possible forms of p(a,b|x,V)

‘/- probability for A

Local theories pila,b|x,y) = Z q, paslalx, 1) - pg(bly, 1)
p

density operator For projective measurement:

Q - Malx = |a,){a,]|
uantum Mechanics pQ(Cl, b |x9 }’) = Tr PAB <Ma|x X Mbly)

S.la,) =a.a,)




measures axis: x € {1} q, y € {n}

outcome: a € {—1,+ 1} g 2 ! be{-1,+1}
probability for a: p,(a|x) ¢ ﬂ > @ ppbly)

palalx, /) pebly, 1)

Any data is expressed by the joint distribution p(a, b ‘ X, y)

= Models describing the experiment can be classified by possible forms of p(a,b|x,V)

‘/- probability for A

Local theories pila,b|x,y) = Z q, paslalx, 1) - pg(bly, 1)
p

density operator For projective measurement:
M,. = la)a
Quantum Mechanics pQ(a, blx,y) = Tr [pAB < e ® Mb|y>] A ax = lag(a,]
SX | ax> — ax | ax)

For separable quantum states:

PAB = 2 g, 'Pj X Pf; : step(a’ blx,y) = Z q, - 1Ir [ijalx] - [PBM I ]
A A



measures axis: x € {1} q, y € {n}

outcome: a € {—1,+ 1} g z ! be{-1,+1}
probability for a: p,(a|x) ¢ ﬁ > @ ppbly)

palalx, /) ppb|y, 1)

Any data is expressed by the joint distribution p(a, b ‘ X, y)

= Models describing the experiment can be classified by possible forms of p(a,b|x,V)

Local theories pila,b|x,y) = Z q, paslalx, 1) - pg(bly, 1)
p

density operator

Quantum Mechanics pQ(Cl, b |x9 Y) = Tr [pAB <Ma|x ® Mbly)]

For separable quantum states: Local

Pan= D 4 PA® Py —»> Do (ablxy) =| Y g - Tr [p,iMa|x] - Tr [péme]
A A
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Local

( Separable j
-,

NS

( Quantum \

J

Local theories

Quantum Mechanics

pL(aa b |x,y) —

Quantum D Local D Separable

Y g, patalx, ) - pg(bly. /)
A

density operator

Po(a,b]x.y) = Tr [pAB (M., ® Mb|y>]

For separable quantum states:

Local

PaB = 2 q," Py ® pp $ Pgsep(aa blx,y) = Z q,-1r [,0 a|x] - Tr [p/lMalx]
p




( Quantum

~

Local

( Separable j
Z,

NS

~

J

Local theories

pL(aablxay) —

Quantum Mechanics

For separable quantum states:

Quantum D Local D Separable

I

Nonlocal C Entanglement

Y g, patalx, ) - pg(bly. /)
A

density operator

Pola,b|x,y) = Tr [pAB ( e ® Mb|y)]

Local

PaB = 2 q," Py ® pp : step(a’ blx,y) = Z q,-1r [,0 a|x] - Tr [p/lMalx]
p




- Nonlocal states in QM does not violate causality plalx,y) = ;ma,blxa y)

Condition for no causality violation: No-Signalling

p(a|x,y) = p(a|x,y’) Alice’s dist. is indep. of Bob’s choice for meas. axis
Ya,b,x,x,y,y’
p(b|x,y) =p(b|x',y) Bob’sdist.isindep. of Alice’s choice for meas. axis

No-signalling O Quantum D Local D Separable



Bell Inequalities

- Bell-type inequalities (in general) are the inequalities that separate different types
of distributions (No-signalling, Quantum, Local).

- Define the correlator C,, = (A,B,) = Z abp(a,b|x,y)
a,b

- CHSH inequality [Clauser-Horne-Shimony-Holt(1969)]

For a,b € {xl},x€ {n,n,}, y € {e,e,}
SCHSH = Cnl,el + Cnl,EZ + Cn2,61 o Cn2,92

) Local theories [CHSH(1969)]

SCHSH < 2\/5 Quantum Mechanics [Tsirelson(1987)]

4 No-signalling [Popescu, Rohrlich(1994)]



