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Bell inequalities

- Bell inequalities have been formulated in 1964 by John Bell. -

- Bell inequalities are very powerful!: derived only by assuming locality and
reality of physical observables.

» Bell inequalities must be satisfied for any local-real hidden variable theories.

* QM is neither local nor real. Indeed Bell inequalities can be violated in QM.

* In 1970’s-80’s, the violation of Bell inequalities have been experimentally
confirmed. The laws of physics cannot be both local and real. Local-real
hidden variable theories were falsified.

Crauser, 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]
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* In 1970’s-80’s, the violation of Bell inequalities have been experimentally
confirmed. The laws of physics cannot be both local and real. Local-real
hidden variable theories were falsified.

Crauser, 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]



[Einstein, Podolsky, Rosen 1935]

Reality: Physical observables (positions, momentum, etc.) have certain
values regardless of the measurements (even when nobody looks).

Locality: The effect of an event at point-A cannot propagate faster than the
speed of light to another point-B.

(In special relativity, the causality is broken if information travels
faster than the speed of light.)



Alice ' 5 (spin 0) Bob
\ 4

a (spin 1/2) p (spin 1/2)
4 o - > @

» Alice and Bob measure the spin Z-component of their particles.

* Their results look random, but 100% anti-correlated.

Alice | + + - + - - + + + - + i}

Bob = - + - -+ - - - - + _ +

Alice
X Bob




In QM, the state is:

|+z_z> o |_z+z>

V2

Sz of Alice’s particle is in a superposition of +1 and -1. Not real

w00 =



* |+Z_Z>

the state collapses by guarantees that

the Alice’s measurement Bob measures -1,
100% anti-correlation

Not local



The origin of this bizarre feature is entanglement.

general: |W) = ¢ | +,+,) + cpl+,—,) + ol =+, ) + |l —. =)

separable: |W¥ ) = [cf‘|+z> + C2a|_z>] X [Clﬁ|+z> + Czﬁl_z>]

general stats | V)

separable

| \Psep>




The origin of this bizarre feature is entanglement.

general: |W) = ¢ | +,+,) + cpl+,—,) + ol =+, ) + |l —. =)

separable: |¥ ) i[cf‘l +,) + ¥ —Z)]® [T+ + =) ]

Alice’s i
measurement

Bob’s local state is intact
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<
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The origin of this bizarre feature is entanglement.

general: |W) = ¢ | +,+,) + cpl+,—,) + ol =+, ) + |l —. =)
separable: |¥_ ) = [ca|+ Y + 2| — >] ® lcﬁ|_|_ Yy + | — >]
sep 1 Z 2 Z 1 Z 2 <

entangled: |W 33 [ +), + ¢ —-),| ® [clﬁl + ), + Czﬁl -,

general stats | V)

separable

entangled | lPen'[> |\Psep>
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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.

P(A)>0, ) PA)=1
A
 The spin correlation is given by

(s3-s0)y = ) P()sg(A)shd) = — 1
A



Alice ' 5 (spin 0) Bob
\ 4

a (spin 1/2) p (spin 1/2)
s O -« N

5 () The experiment consists of 4 sessions: b s,

1) Alice and Bob measure s and Sf , respectively.
Repeat the measurement many times and calculate
>4’ (s,) (8, Sp)- b’ (5)
2) Repeat (1) for a and b’

3) Repeat (1) for ¢’ and b.
4) Repeat (1) for ¢’ and b’

1
Finally, we calculate:  Ropgy = 5 ‘(sasb) — (s8,5,) + (5,5,) + (8,8 )‘



Alice ‘ 5 (spin 0) Bob
\ 4

a (spin 1/2) p (spin 1/2)
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5 () The experiment consists of 4 sessions: b (s ,)

1) Alice and Bob measure s and Sf , respectively.
Repeat the measurement many times and calculate
>a (s,) (S, 8p)- £ ()

2) Repeat (1) for a and b’

3) Repeat (1) for ¢’ and b.
4) Repeat (1) for ¢’ and b’

1
Finally, we calculate:  Ropgy = 5 ‘(sasb) — (5,8,) + (s,8,) + (s, )‘

Bell (CHSH) inequality
Local and Real * R <1 ]
[ CHSH = [Clauser, Horne, Shimony, Holt, 1969]




1
Let’s derive ( Repsy = 5 ‘(ab) — (ab’) + (a'b) + (a’b’)‘ <1 )

| (ab)y — (ab)| = | Y abP - Y ab'P

A A

(s0+ Py = (ab) = ) a()b(A)P@A) = ) abP

A A



1
Let’s derive [ Repsy = 5 ‘(ab) — (ab’) + (a'b) + (a’b’)‘ <1 ]

(ab) — (ab)

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

A A

Y [ab(l +a'b\P — ab'(l + a'b)P]
A

(s0+ Py = (ab) = ) a()b(A)P@A) = ) abP

A A



1
Let’s derive [ Repsy = 5 ‘(ab) — (ab’) + (a'b) + (a’b’)‘ <1 ]

(ab) — (ab)

A A

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

Y [ab(l +a'b\P — ab'(l + a'b)P]
A

< Y |[ab] |[1£aw| P+ |ab| [1£ab]| Pl
A

(s0+ Py = (ab) = ) a()b(A)P@A) = ) abP

A A



1
Let’s derive [ Repsy = 5 ‘(ab) — (ab’) + (a'b) + (a’b’)‘ <1 ]

(ab) — (ab)

2. abP — ) ab'P - > + aba'V' P — (+ abd't'P) = 0
A A

Y [ab(l +a'b\P — ab'(l + a'b)P]
A

IA

z[\ab\ [1xab'| P+ |ab] ‘lia’b‘P]

lab| = |ab’| =1
— Z[(lia’b’)P+ (lia’b)P] [1xa|,[1=ab] >0
A

=2+ ((a'b) + (a'b))

(s0+ Py = (ab) = ) a()b(A)P@A) = ) abP

A A



1
Let’s derive ( Repsy = 5 ‘(ab) — (ab’) + (a'b) + (a’b’)‘ <1 )

(ab) — (ab)

2. abP — ) ab'P - > + aba'V' P — (+ abd't'P) = 0
A A

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))| + |(a'b) + (a'b")

) <1
*[RCHSHﬁl ]

max R — max R
@b o) CHSH b CHSH
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In QM, the state is: |P©?) =

The spin correlation is:  (s.s5,) = (POV|(s* - a)(s” -lA))l‘P(O’O)) = (a-b)

1
Reusn = ) ‘(Sasb> — (8,8,) + (S,8p) + (5,8 >‘

= @B - @-b)+ @b+ @-b)



a p
A ® < > @

|+z_z> o |_z+z>

V2

In QM, the state is: |P©?) =

The spin correlation is:  (s.s5,) = (POV|(s* - a)(s” -B)l‘P(O’O)) = (a-b)

Reysu = ) ‘(Sasb> — (85,0 + (8,8) + <Sa’Sb’>‘

- (ﬁ-f))—(ﬁ-f)’)+(ﬁ’-f))+(ﬁ’-f)’)‘ =1/2
R = T e
1 1 1 1 I
b V2 V2 V2 V2
Bell inequality
violated !!




| OOy = [+ — =+ general stats | V)

1 (HV theories)

V2 @Qw

IA

Bell nonlocal
Repsy > 1

<

RCHSH

\

separable
entangled | \Pent> |‘Psep>

* Violation of Bell inequalities has been observed in low energy experiments:

- 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)




Bell inequality and entanglement have not been tested at high energy regime E ~ TeV

Can we test Bell inequality and entanglement at high energy colliders?

- Entanglement in pp — tf @ LHC Y. Afik, J. R. M. de Nova (2020)

M. Fabbrichesi, R. Floreanini, G. Panizzo (2021)

- Bell inequality test in pp — 1t @ LHC  C. Severi, C. D. Boschi, F. Maltoni, M. Sioli (2021)
J. A. Aguilar-Saavedra, J. A. Casas (2022)

- Bell inequality testin H - WW#* @ LHC  A.J. Barr (2021)

- Quantum property test in H — 777~ @ high energy e "¢~ colliders <= this talk



Density operator

f probability of having |Y¥,)

- For a statistical ensemble {{p1 YL APy [Py ), s | Ws) ), } we define the
density operator/matrix

" A 0< <1
p= > il U)Wy Pab = (€alplen) =P
K Zpk =1
k
- Probability and expectation values: (€alen) = dap
Ala) = ala)

-~

P(a|A, p)={a|p|a)  Probability for outcome a when A is measured on the state )

(A), =Tr [Aﬁ] Expectation value for A on the state p



Spin 1/2 biparticle system

- The spin system of a and f} particles has 4 independent bases:

<|€1>,|€2>, |63>7 |€4>) — (|++>9|+_>9|_+>7|__>>

« ==> p , IS @ 4 X 4 matrix (hermitian, Tr=1, non-negative).

It can be expanded as 3% 3 matrix

!

1 _

. For the spin operators §* and §”, - |
spin-spin correlation

(39) = Tr [§gﬁ] = B, <§lﬁ> — Tr [§lﬁp] = B, (§§‘§f) = Tr [ﬁ?ﬁfﬁ] = C;




H—- 171
m
L = ———KkHyr(cos 6+iys sin 6) y, SM: (k, 5) = (1,0)
Y



H— 71

m .
Ly = — ——kHr(cos 5+iys sin §) y,
VsMm
- M*nﬁMmm \ /O O O O\
P = 5 o 1 0 1 729 0
Pmn,mn 210 ei25 1 0

M™™ = cii™(p)(cosd + iys sin d)v™ () \O 0 0 O)

SM: (x,0) = (1,0)



H—- 171
m
L = ———KkHyr(cos 6+iys sin 6) y, SM: (k, 5) = (1,0)
Y

e “ (0 0 0 0) p= 4B o1
Pmn,mn me |./\/lmm’2 IO B 1 O 1 6—125 O

— Ei-1®ai+C---0-®aj)

ij vi

) ] 210 ei25 1 0 \
M™M= cu™(p)(cosd + iyssin d)v" (p) \O 0 0 O) x

(cos25 sin25 0 )
Ci=]-sin26 cos26 O
. 0 0 -1,




m
T — . .
L= ———KkHy (cos 0+iys SIn o) y,
VsMm
— \ (0.0 0
Pmn,mn — ) —i26
5 M 01 e 0
_ _ Pmn,mn 0 g2 1
M™™ = cu™(p)(cosd + iy5sind)v™ (D)

H— 71

[Py (8)) & |+ =) + 27| —+)

| Pam)y o

(

o =

[+=)+]—+)

\

l==)

0

even)

5 = 7/2 (CP odd)

WO (1 +-) = | = +)]

Parity: P = (1117) - (— 1! with Ny = — 1:

]P= O+:>
0" =

[=s5s=1

[=5s=0

SM: (x,0) = (1,0)

1

§11®GI+CUGI®0])

x\

( oS 25

. O

sin28 0 )

=|—sin20 cos20 O

0 -1




Entanglement

- If the state is separable (not entangled),
p=> PP ® p, 0<pp<1
k

then, a modified matrix by the partial transpose Zpk =1
P = oo @ [p]"
k

IS also a physical density matrix, i.e. Tr=1 and non-negative.

Peres-Horodecki

 For biparticle systems, entanglement <= pTﬁ to be non-positive.
(1996, 1997)

* A simple sufficient condition for entanglement is:

(E=2cos26+1 for H—- t777)
(E =3 (maximally entangled) for H — 77~ in SM)



. In 7% — zty, the direction of n™F, (7F), measured at the rest frame of T is

spin analyzing power [-1, 1] N _ o _ _
l - 7~ IS a unit vector pointing to the direction

of 7* measured at the rest frame of 7=

dl’ oy
— x 1+ a._ , -(77-9)

- S is the spin of ¥ at its rest frame



. In 7% — zty, the direction of n™F, (7F), measured at the rest frame of T is

spin analyzing power [-1, 1] o _ o _ _
l - 71~ IS a unit vector pointing to the direction

*.5) of 7 measured at the rest frame of 7+

dl’

— x I+ a__ (

- S is the spin of ¥ at its rest frame

9

2
Xy

A7) ATt
<(T (T)>=Cij

(7 - e)(x" - €))
A

measurable at colliders, but needs
_|_
to reconstruct the 7= rest frames

spin analyzing power for T — 7z
has the maximal value 1.

K
|
ek

Ty -~
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» For the unit vectors (a, a’, b, b’), RHS of the Bell inequality can be measured as

1

Rensn = 5 [(5:5) = (5.5,) + (5,5) + (5,5,)|

:%‘<(ﬁ‘-ﬁ)(ﬁ+-f))>—<(ﬁ‘-ﬁ)(ﬁ+- )) + (@G- B) + (G- G )>‘



$F8T) = = 9@ - &)@ - &)

A\

- For the unit vectors (a, a’, b, b’), RHS of the Bell inequality can be measured as
1
Rensn = 5 [(5:5) = (5.5,) + (5,5) + (5,5,)|

:§‘<(ﬁ‘-ﬁ)(7r+-f>)>—<(7’r"-ﬁ)(ﬁ+- )) + (@G- B) + (G- G )>‘

- We fix (a, ,B, ) so that RchsH is maximised.

\ A=r b= L(n +r) 4 b
h V2 L
/ =n =—m-r) i
4 helicity basis V2

(, i, K)



Separable state (compliment of entangled state):

P, b|AB) =Y palpila) - (b1pl 1)  <— p= 3 ppf @)
J) A

Ala) = ala)
/_

P(a|A, p)={a|p|a)  Probability for outcome a when A is measured on the state )



Separable state (compliment of entangled state):

P, b|AB) =Y palpila) - (b1pl 1)  <— p= 3 ppf @)
J) A

Hidden Variable state (complement of Bell nonlocal state):

P(a,b|A,B) = ) p, P, (a|A.})- Pyb|B.J)
b f

arbitrary conditional
probabillities

alliell separable ‘
Variable P ‘

all states




Separable state (compliment of entangled state):

P(a.b|A,B)= ) p,(alpfla)- (b|pl|b) <«— p= Zpﬂf@pf
J) A

Un-steerable state (not-steerable by Alice):

[Jones, Wiseman, Doherty 2007]
If this description is possible,

P(a,b|A, B) = Zpﬂ P (a]A,A)-{b |Pf|b> <« Alice cannot influence
)

("steer”) Bob’s local state

Hidden Variable state (complement of Bell nonlocal state):

P(a,b|A,B) = ) p, P, (a|A.})- Pyb|B.J)
Ao f

arbitrary conditional
probabillities

Hidden

Variable steerable

all states




| Bell

Separable state (compliment of entangled state):

P(a.b|A,B)= ) p,(alpfla)- (b|pl|b) <«— p= Zpﬂp,?®pf
J) A

Un-steerable state (not-steerable by Alice): [Jones, Wiseman, Doherty 2007]

If this description is possible,

P(a,b|A,B) = Zpﬂ P (a]A,A)-{b |pf|b> <4 Alice cannot influence
J) ("steer”) Bob’s local state

Hidden Variable state (complement of Bell nonlocal state):

P(a,b|AB)= Y p; PfalA.2) - Py(b| B.2)
A

Bell
nonlocal

| nonlocal (C steerable (C Entangled |




Steerability

. For unpolarised cases, (§¢') = (§%) = 0, a necessary and sufficient condition for

steerability is given by: [Jevtic, Hall, Anderson, Zwierz, Wiseman 2015]

Slpl = L[a’Qn\/nTCTCn Slpl > 1

27
InH - 717,

cos20 smn20 0
Clj ==

—sin25  cos c'c=1 S =2 ind dent of 0
25 0825 _01] » » 1p] (independent of §)

0 0



Entanglement: [Peres-Horodecki 1996-7]

E>1 E=C+ Gy — Gy

E(H - ttt7)=2cos26+ 1

Steerability: [Jevtic, Hall, Anderson, Zwierz, Wiseman 2015]

_ 1
Slpl > 1 (@ssuming B, =B; =0) &[p] = 2—Jd£2n\/ n’ C'Cn

T

S[pl(H = t777) =2

Bell-nonlocality: [Clauser, Horne, Shimony, Holt, 1969]

1
Repsy = 5 ‘<Sasb> — (8,8,) + (s.8,) + (Sa/Sb/)‘ > ]

Repsu(H = ©777) =1/2

U i

i _ § ,

iy




H — 77 @ lepton colliders

- Background Z/y — 7777 is much smaller for lepton colliders.

. We need to reconstruct each 7 rest frame to measure z=. This is challenging
at hadron colliders since partonic CoM energy is unknown for each event.

LHC | ILC

%18D:IIIIIUI>III LI IIIIIII\II II: 'I""I
S 160 —_AI ASPreliminary ¢ Data E
o - ! Uncertaint - -
— - s =13TeV,1391b" ceriainty B +
~ 140 [~ All VBF_1 SRs B H-»1r(0.82 x 5M) 2 ZH%M w X
a - . N Z-rr 7 |
g 120 - + + - 3}2%’92?“;%"3”('5 - ¢ 5 , «  Signal+Background
100 £ = ——— Fitted signal+background A
20 : - Signal
3 E Fitted background
60 =
40 =
20 -
0 E.’i Ll L 1l 11 :
2 5k " | l I |
8 -
| - .., A S . s . 8. ...
ol §
8 -50 = l l l ] ] ] ] ] ] ] ] \
: L L Ll Ll Ll 1 L 11 l Ll Ll Ll 1l 1 I 1 l — i
3
50 75 100 125 150 175 200 120 1 25 1 30 1 35 1 40 {

/GeV

VM(
[GeV] recon



Simulation

ILC FCC-ee

250 240
3 5!
beam resolution et (%)| 0.18 [0.83 x 10~*

energy (GeV)
)
ete™ = Z+ (Z*Iy*) — ff+ 1t beam resolution e~ (%)| 0.27 [0.83 x 10~*
)
)
)

luminosity (ab

olete” — HZ) (fb)| 240.1 240.3
385 663

# of signal (6 - BR - L - €
L 20 36

# of background (o -BR - L - ¢

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

— ra _ + +
ete" > HZ, Z—ff, H->1t"t", 7© > un™

- incorporate the detector effect by smearing energies of visible particles with

Etrue N Eobs _ (1 +op- w) . Etrue O'EA = 0.03
T

random number from the normal distribution

- Event selection: |M_. ,— 125GeV| < 5GeV M, ecoit = (P

ete~

2
__]1;)

- 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. ph. pl)-




- To determine the tau momenta, we have to
reconstruct the unobserved neutrino

momenta (py. py, p?), (py. ph.pl).

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

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

(pee _pZ)ﬂ — — [(pn‘ +py) + (p]Z'+ +p17)],u

We have 2-fold solutions.




Result 1

2211.10513
ILC FCC-ee
—0.600 £ 0.210 0.003 £ 0.125 0.020 & 0.149\ | /—0.559 + 0.143 —0.010 = 0.095 —0.014 & 0.122
Cij 0.003 +0.125 —0.494 +0.190 0.007 +0.128 | | | —0.010 & 0.095 —0.494 4 0.139 —0.002 + 0.111
0.048 +0.174 0.0007 + 0.156 0.487 4 0.193 0.012£0.124  0.020 £0.105 0.434 4 0.134
Ex —1.057 £ 0.385 —0.977 + 0.264
Clp] 0.030 & 0.071 0.005 & 0.023
S[p] 1.148 £ 0.210 1.046 £ 0.163
Réush 0.769 & 0.189 0.703 £ 0.134
1
SM values: C>M = 1
—1
Eqvlp]l =3 Entanglement — £ > 1
Somlp] =2 Steerablity — §[p] > 1

R

SM_-=4/2 ~ 1.414

Bell-nonlocal = Rpgy > 1




Use impact parameter information

- We use the information of impact parameter b,
measurement of 7™ to “correct” the observed
energies of t*and Z decay products

- We check whether the reconstructed ©
momenta are consistent with the measured
Impact parameters.

- We construct the likelihood function and search
for the most likely 7 momenta.

OfF — 0.03
ru b ru 5 S
BT — B = (1 +0E 'w) - B b (er+) = [bs|- er= .sin"'OL — e+ -tan? O]
E,(0,) = (14+c%-5,) - E;bs (a=xt,77,x,%)

" Ay ()12 + Ay, (0)2 Ay, (0))2
£(0) = o2 + o2 (a=zx",717,x,%) (abT = 2um, Cp, = Sum)



Result 2

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
Cij —0.034 4+ 0.160 0.981 £0.1527 —0.029 +0.156 | | [ —0.009 +0.110 0.9294+0.113  0.001 £ 0.115
—0.001 £ 0.158 —0.021 £ 0.155 —0.729 4+ 0.140/ | \ —0.026 +-0.122 —0.019 £ 0.110 —0.879 4 0.098

Ex 2.567 £ 0.279 2.696 & 0.215

Clp] 0.778 + 0.126 0.871 & 0.084

S[p] 1.760 £ 0.161 1.851 £0.111

Rusn 1.103 £0.163 1.276 £ 0.094

1
SM values: CM = 1
—1
Eqmlp]l =3 Entanglement — £ > 1
Sqmlpl = 2 Steerablity — S[p] > 1
RSM \/5 ~ 1414 Bell-nonlocal = Ry > 1

CHSH




Result 2

2211.10513
ILC FCC-ee
0.830 +0.176  0.020 +=0.146 —0.019 +£0.159 0.925+0.109 —0.0114+0.110 0.038 +0.095
Clij —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 —0.7294+0.140 —0.026 +=0.122 —0.019 +0.110 —0.879 + 0.098

FEs 2.567 + 0.279 ~ S0 2.696 £ 0.215 > 54
Clpl 0.778 +0.126 ~ S50 0.871 £0.084 > 54
S|p] 1.760 + 0.161 ~ 30 1.851 +0.111 ~ 50
Répso 1.103 +0.163 1.276 + 0.094 ~ 30

e = = .

1
SM values: CM = 1
—1
Egulpl =3 Entanglement — F > 1
Sqmlpl = 2 Steerablity — S[p] > 1

RM . =+/2 ~ 1.414 Bell-nonlocal = Rqyqy > 1




Result 2

2211.10513
ILC FCC-ee
0.830 +0.176  0.020 +=0.146 —0.019 +£0.159 0.925+0.109 —0.0114+0.110 0.038 +0.095
Clij —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 —0.7294+0.140 —0.026 +=0.122 —0.019 +0.110 —0.879 + 0.098

FEs 2.567 + 0.279 ~ S0 2.696 £ 0.215 > 54
Clpl 0.778 +0.126 ~ S50 0.871 £0.084 > 54
S|p] 1.760 + 0.161 ~ 30 1.851 +0.111 ~ 50
Répso 1.103 +0.163 1.276 + 0.094 ~ 30

1
SM values: CgM = 1
—1
Equmlpl =3
Ssmlpl =2

RSM

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

CHSH = \/5 ~ 1.414

S = = — =

Entanglement — E > 1
Steerablity — $[p] > 1

Bell-nonlocal = Rqyqy > 1

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
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olete” = HZ)

o(ete” = HZ)3 . BRy_..r - [BR

V$=240GeV

BR(H — 7777)
BR(t™ = 7 v;)
BR(Z — jj, s, ee)

240.3tb

0.0632
0.109

0.766

0.13821h






