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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.

Albert Einstein
(1879/03/14-1955/04/18)

L

Boris Yakovlevich Podolsky
(1896/06/29,1966/11/28)

. 3

#

. -

A

Nathan Ros
(1909/03/22-1995/12/18)

en




R E R R A IR AT S TR A

Theoretical Physics Division,
Institute of High Energy Physics, CAS

An “0Old” Physics

What is the essential different between a quantum
theory and a theory based on determinism?
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John Stewart Bell (1928/07/28-1990/10/01)
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An “0Old” Physics

Entanglement: the more we know about the parts,
the less we know about the whole system!
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E(QS) + E(RS) + E(RT) — E(QT) < 2.
(for Local Hidden Variable Models)

CHSH (John Clauser, Michael Horne, Abner Shimony, Richard Holt) inequality




An “0Old” Physics

Entanglement entropy: a description of the degree
of the entanglement between subsystems.
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The Verification in particle physics

* Neutral pion system
* Neutral Kaon system

e Other hadron systems

e Testing with higher energy?

Many references...
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The Verification at the EW scale

* |tis not easy, why?
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The Verification at the EW scale

“A quantitatively characterization of the degree
of the entanglement between the subsystems of
a system in a mixed state, is not unique! ”

0 =p1pa1 @ pp1 +P2pPar @ pp2+ ... ?




The Verification at the EW scale

“A quantitatively characterization of the degree
of the entanglement between the subsystems of
a system in a mixed state, is not unique! ”

“Finally , we prove that the
weak membership problem for the

convex set of separable bipartite
density matrices 1s NP-HARD.”
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[Leonid Gurvits
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The Verification at the EW scale

Even the violation of the CHSH inequalities, is
not equivalent to the non-existence of LHVM!

 To “solve” the problem, people introduce some smart criterions
such as the CONCURRENCE. (For a nice review, see R.
Herodecki, P. Herodecki, M. Herodecki, K. Herodecki, Rev. Mod.
Phys. 81 (2009) 865)

 On the other hand, it is shown that asymptotic violation of the
CHSH inequality is equivalent to distillability. (Means that some
pure-state entanglement could be extracted by LOCC)

L. Masanes, Phys. Rev. Lett. 97 (2006) 050503.
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The Verification at the EW scale

 For 2-qubit system, it is solved by Horodecki et al 1995.

e The most popular topic: ¢f production at the LHC.

e The result from the ATLAS collaboration.

_0_1; ATLAS é‘.
. /s=13TeV, 140 fo'

D = — 3{cos p(£F¢5))

Particle-level D

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

380 < my < 500 mg > 500

Particle-level Invariant Mass Range [GeV]

ATLAS Collaboration, arXiv:2311.07288[hep-eXx];
Y. Afik and J. R. M. de Nova, Eur. Phys. J. Plus 136 (20%) 907.
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The Verification at the EW scale
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WW production at Higgs factory

e The Initial state is a mixed state

= (Generalized) Bell inequality as a test
Observables: A, (Alice 1), A, (Alice 2), B, (Bob 1), B, (Bob 2)

The results of measurement € Z;

~ Imax Ig(Al,AQ;Bl,BQ) > 2
A1,A2,B1,B>
I3 =+ |P(A1 =By) + P(By = Ay + 1)
+ P(Ay = By) + P(By = 4;) |
—[P(Ay =By — 1)+ P(B; = Ay)
+P(Ay =By~ 1)+ P(By=A; —1)]

Collins-Gisin-Linden-Massar-Popescu (CGLMP) inequality

D. Collins, N. Gisin, N. Linden, S. Massar, S. Popescu, Phys. Rev. Lett. 88, 040404 (2002).
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WW production at Higgs factory

 9-dim but not 4-dim Hilbert space.

3Ix3>2x2

 QuNit vs. qubit?

= “the results for large N are shown to be more resistant to noise
with a suitable choice of the observables”

. Kaszlikowski, P. Gnacinski, M. Zukowski, W. Miklaszewski, A. Zeilinger, Phys. Rev. Lett. 85, 4418 (2000);

D

T. Durt, D. Kaszlikowski, M. Zukowski, Phys. Rev. A 64, 024101 (2001);

J.-L. Chen, D. Kaszlikowski, L. C. Kwek, C. H. Oh, M. Zukowski, Phys. Rev. A 64, 052109 (2001);
D

. Collins, N. Gisin, N. Linden, S. Massar, S. Popescu, If’é‘nys. Rev. Lett. 88, 040404 (2002).
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WW production at Higgs factory

* The density matrix (some technical details...)

pww x M(eTe™ = WTW ) pere-M(ete™ = WTW )T

A 1 ~ A A o
PW = g[g—FdZSZ—FqZJS{w}, 1,9 =1,2,3
A ]-" ]- 1 ’\_|_ A ]. i 3 ~
PWW — §[g—l—§d_|_si ®13+§d_13®5i

1 ... . 1 ... .
i o+ L1 —
1) Qo+ Q— 1,k &+ Q—

+C7 9 © 85 + CA* S ® S,

ij,k &+ d— ij, ke &+ J—
FC a0y @S, 500 @50 n
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WW production at Higgs factory

 The density matrix (some technical details...) is “easy” to calculate

di p— d2 p— q_1|_2 p— q_2|_3 p— q1_2 p— q2_3 — Cgli2 p— C?il

23 ~32  ~1,12 0 ~1,23 0 ~231 0 ~2.11 42,22
= 05" = (5 _qu — Yd,q _Cd,q — Yd,q _Cd,q
2,33 ~3,12 3 23 12,1 ~23,1 31 2
g =Caq =Caq =Cqd =Cqd =04,

11,2 22,2 33 2 12 3 23.3
= G C — C’ C’q = 012’31

_ 12,11 12,22 12,33 _ 23,31 _ 23,11 _ 23,22
=t =0 —Cq —Cq =2 =
_ 23,33 __ 31,12 _ 31,23 __ 11,12 _ ~11,23 _ 11,22
_Cq _Cq _Cq _Cq _Cq _Cq

2212 422,23 2211 _ 33,12 _ 33,23 _ 33,31
=C —C’q —C’q —C’q —C’q —C’q

— 0. (46)
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WW production at Higgs factory

 The density matrix (some technical details...) is “easy” to calculate

di =d', &% =-d, ¢' = —¢*, ¢i' ="', ¥ =",
(P =q, CP =-C}, Cyit =—-C,

Ciq =Coi» Cay =Cod» Caly” =Cod

Cczz,’f _ C;,zd,z’ Cczlﬁg _ 3,30527 03 31 Cs)ldgj

03’,;1 _ _Céld’g? 03,22 _ _qui,sj 03,;33 _ _0;33437
632,23 — 023 12 031 11 Cll 31’ C(Z;l 22 022 31,
031,33 _ 033,11 _ _032,33 _ _023,22. (47)
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WW production at Higgs factory

 The density matrix (some technical details...) is “easy” to calculate
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WW production at Higgs factory

 The density matrix (some technical details...) is “easy” to calculate

e /07

20
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WW production at Higgs factory

 The density matrix (some technical details...) is “easy” to calculate
e /07

e s-channel is p-wave and suppressed by a factor of f.

20
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WW production at Higgs factory

 The density matrix (some technical details...) is “easy” to calculate
c 507
e s-channel is p-wave and suppressed by a factor of f.

e t-channel is purely left-handed current so that the initial state is
selected by the (weak) interaction to be a pure state |e; ) ® |e;").

20
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WW production at Higgs factory

 The density matrix (some technical details...) is easy to calculate

e /07

0 0 0 0 0 0 0 0 0

M .62 sin 26 —\/E(cos 20 +cos@) —sin26 —2sind \/E(cos 20 —cos@) 2sin26 —\/E(cos 260 +cos@) —sin26 + 2sinf \/E(cos 20 —cos @) sin26
2sin?0y | 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
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WW production at Higgs factory

 The density matrix (some technical details...) is easy to calculate

e /07
(3—cos@) ,60 (1—cosf)sind 1., )
COos“ — — ——sin“ 6
2 4\/5 8
(1 — cos@)sind 1 5 (1 + cos@)sind 1
Pw+ x| — 4\/5 §(3+COS 0) - 4\/5 :5|V1><V1|+5|V2><V2|
| B (I +cos@)sind (3+cosh) . , 0
—gsm 0 — 2 sin >
\ 42 )
1 +cosé 1 —cosé@
v} = | +) - =
V3 + cos 26 \/3 + cos 20
(1 —cos®B)sind \/3 + cos 20 (1 + cos@)sind
[vy) = — | +)+ 10) — =)
\/5\/3+cos29 2 \/5\/3+00329
1 —cosé@ sin 6 1 +cos@
|v3>=< >|+>+ |0>+< >I—>
2 \/5 2
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WW production at Higgs factory

 The density matrix (some technical details...) is easy to calculate

e [ — 0,00 are not very good approximations.

q' | \/E = 161GeV
' \/s = 180GeV

0.2

\“ | Vs = 243GeV

\/ \/s = 515GeV
| V5 - o

-0.2

04l
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WW production at Higgs factory

 How to measure it at Higgs factory???

* "Measuring” the polarization direction of the W boson.

23
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WW production at Higgs factory

 How to measure it at Higgs factory???

* "Measuring” the polarization direction of the W boson.
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WW production at Higgs factory

 How to measure it at Higgs factory???

* "Measuring” the polarization direction of the W boson.

-
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WW production at Higgs factory

 How to measure it at Higgs factory???

* "Measuring” the polarization direction of the W boson.

-
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WW production at Higgs factory

 How to measure it at Higgs factory???

* "Measuring” the polarization direction of the W boson.

-

/

e
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WW production at Higgs factory

 How to measure it at Higgs factory???

* "Measuring” the polarization direction of the W boson.
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WW production at Higgs factory

 How to measure it at Higgs factory???

* "Measuring” the polarization direction of the W boson.

e/ é *W
i /
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WW production at Higgs factory

 How to measure it at Higgs factory???

* "Measuring” the polarization direction of the W boson.

-

/

Real W polarization

— Measured W polarization
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WW production at Higgs factory

* How to measure it at Higgs factory???
* “Measuring” the polarization direction of the W boson.

* Projection operators of the spin eigenstates:

N PSR
f1, =S, + 59

25
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WW production at Higgs factory

e (Collider phenomenology

7r

5- V2 . .
D en a
E 47 Upper limit ' |
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WW production at Higgs factory

* Collider phenomenology: from dilepton channel to semi-leptonic
channel.

e Circular polarization — linear polarization.
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WW production at Higgs factory

* Collider phenomenology: from dilepton channel to semi-leptonic
channel.

e Circular polarization — linear polarization.

T3Sz St Stegpts Stag) = + [PSG, = Siagy) + PSiay = Sa, + D + PS5, = Spay) + Py = 5]

a [P(S51 = S{x3y3} - 1) + P(S{x3y3} = Sglz) T P(SC72 = S{ - 1) + P(S{x yat T S# a 1)]

XY,
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WW production at Higgs factory

e (alculating the generalized Bell observable

1

P(Sal — S{$3y3}) — Z TI' |:’5WWH|SEL’1:>HS{:U3y3}:)‘>i|
A=——1

=T | pww - Tz, (S, = =1) @ Mgy (S(ryu) = —1)}

+Ir | pww - Hd’l (Sa1 1) ® HCL‘3?J3 (S{$3y3} — 1)

+ Ir ﬁWW ' Hc_il (Sa1 O) ® H903y3 (S{$3y3} — O)

= 1—2qi;63i633 2C’ ka1z(€1]€1k €2j€2k)

A L8+ 82 A @ . st
1z, (551 — _1) :15(_551 + 561)7 H$3y3(5{$3y3} — _1) = I3 — Segla €1 = \/§ )
- _ A &2 A A A . T3 —

Hal (551 = 1) — 5( i T &’1)7 Hw3y3 (S{mgyg} 1) = I3 — 552»2, €2 = & 2y3,
121551 (Sf_il - 0) =13 — Sél' ﬂfBBy:s (S{$3y3} — O) - f3 - 362’37 €3 = T3 X Ys.
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WW production at Higgs factory

e (alculating the generalized Bell observable

23(‘9071 ; 5072; S{$3y3}7 S{5B4y4})

= 24, (wiiw1j + wojwe; — 2wsws;)

dq £\ — gt
+ 2C; jkali(Qeljelk — €2j€ok — €3€3k T W1jWik (nj) =d7,
| (a5) = 5
— 2wawak + W3jWsk) bij) = 54
+o— d
dq <nz n > — Cz"?
-+ QCi’jka2i(_2€1j€1k + €25 €2k -+ €35 €3k + 2w1jw1k 43
+ - q
— WojWak — W3jW3k) (955 %k0) 25 g
q teo )= 2%
+ GCij,kzalialj(_E%EQZ + €3K€3] — W1kW1] T+ w3kw31) <“z qgk> 5(7@,%7
2
q N\ d
+ 6C7; 11a2i02; (€21€21 — €3x€31 — Wakway + W3kW3i) (a5 ) = £ Cie

* We need to choose the directions according the coefficients to
maximize the generalized Bell observable.
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WW production at Higgs factory

« Some details (eTe™ = WTW™ = £*ujj)
- 240GeV electron-positron collider

- (LO) MADGRAPHS AMC@NLO+PYTHIA8+FASTJET

- 2 Exclusive jets with Durham algorithm (E; > 5GeV, |7;| < 3.5)

- One isolated charged lepton (e™, u™) (E, > 15GeV, |cos8,| < 0.98)
- Missing energy (cos 8,, < 0.2)

- Reconstructed W mass (| m;; — my,| < 20GeV)

31
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WW production at Higgs factory

e The result

2.6/ -
L Ee WEIMW))

2.4 \5s =240 GeV :
gm 59 —I I_I_I_I_'—I_I_
N — ]

~ ——— Parton

1.8 -

: Showered
16: 1 1 1 1 l 1 1 1 l 1 1 l 1 1
—1.0 -0.5 0.0 0.5 1.0

30C0S 6
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WW production at Higgs factory

e The result

2.6

(S,L)
&
&

max J 3

N

ete > Wi (=TI W (-]))

{ ‘ {

\s =240 GeV

At 240GeV e*e™ collider, one can verify the
violation of the Bell inequality at 5.00 significance

with ~180 fb-1 integrated luminosity.
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Conclusion and Discussion

 \We provide a realistic approach to test Bell inequalities in W pair
systems using a new set of Bell observables based on measuring
the linear polarization of W bosons.

 Our observables depend on only part of the density matrix that can
be correctly measured in the semi-leptonic decay mode of W.

* To our best knowledge, this is the first attempt of testing Bell
inequality in a basic qu3it system (beyond qubit).

 Loopholes?
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