5K

C ’ THE UNIVERSITY OF TOKYO

Testing quantum mechanics in

Collider Experiments

Prog. Theor. Exp. Phys. (2013) 063A01, arXiv: 1302.6438

in collaboration with Y. Nakaguchi (IPMU, UTokyo)

Shion Chen
The Univ. of Tokyo

EMYFCSC International School of Subnuclear Physics
28 Jun. 2015, Erice

156 H28HHEH



Introduction

Open questions of quantum mechanics

- Interpretation of undeterministicity

. . B. Podolsky N. Rosen
- Description of measurement

- Non-locality
‘ L e.g.SG instrument

Einstein-Podolsky-Rosen (EPR, 1930)

- Consider an entangled state

where two spin 1/2 particles run back-to-back

- Spin measurement on particle 1

- Particle-2’s state reduces in accordance with that DINESIE

DI o 1D

V2 V2

\
/4

of particle-1 with no timing delay V2

- even if they are specially localized
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Analysis through Bell’s inequality

(~1960)
= Can classical theory have an equivalent description as QM?

e.g. Introduce “hidden variables” — recover local & deterministic physics

ﬁ ﬁD Bell’s theorem (1964)

‘% Any local & deterministic theory must follow

S=|F(a,b)+ E(a,d) + E(c,b) — E(c,d)| <2 (CHSH-1974 type.)

E(a,b) := (AB) L
T e
A, (B): measured value of spin 1 (2) oV a
with the measurement axis being a (b) . g particle 2 b,d
a

< @
when 2 meas. are in a space-like timing M

particle |
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Analysis through Bell’s inequality

(~1960)
= Can classical theory have an equivalent description as QM?

e.g. Introduce “hidden variables” — recover local & deterministic physics

ﬁ (" No D Bell’s theorem (1964)

‘% Any local & deterministic theory must follow

S=|F(a,b)+ E(a,d) + E(c,b) — E(c,d)| <2 (CHSH-1974 type.)

Classical limit: Sc<=2 ' L e.g.SG instrument

S>2 = exclusion of local reality ’/a.
:

“—
Quantum limit; So<=2V2 . particle 2 b,d

' Y,
- local QM: S<=2 L M“
= Inclusive non-locality test t

particle |
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Local realistic limit
° 5 ) ° Ot i
Analysis through Bell’s inequality 5 | (Eberhard type ineq) § 20
Optical experiments (1969~today) S -6 ’
- Entangled photon pair + polarimeter E 10| !
. . , < 12| Giustina et.al. (2013
Consistent with QM less assumptions © e Giustina et.al. (2013)
-14 . . . . .
1 2 3 4 5
* Huge statistics, sensitivity (100 ~2790) Measurement round

rigidness Ions (direct spin meas.)

What’s still int tina? & significance | Rowe et. al. (2001)
al’s Stlll 1niterestiing:

Proton pair (direct spin meas.)
= Test in more general regime / diverse systems Lamehi-Rachti et. al. (1972)

O .
check if the features are universal H.Sakai et. al. (2003)

l KoKo/BoBo oscillation

e.g. high enerqgy scale, relativistic systems :
g. g gy y optical exp. CPLEAR (1999)
= hlgh E COlliel' eXp' 0 Belle (2007)
= Non-optical experiment: O(10°) l," l "
=> more adaptable method ‘\._‘: _______ .-

eV MeV GeV TeV
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Necessary components for the test

= Spin analyser

= Entangled state

= Bell’s inequality
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Spin analyser N.Térnqvist (1981, 1986) polarization

“polarimeter decay”™

O

Weak decay gives rise asymmetry
w.r.t the parent particle polarization

= measure the spins though angular
P : . A
distribution of final state particles
A—pr -0.642+0.013
dI’ A—nmo -0.648+0.045
— x1l+as-n
asy | ) S*t—spno | -0.980.016
asymmetric parameter
performance as a polarimeter T— VYV 0.33
- Considering available statistics, Y 1
A, T decays are promising T—QV 0.46
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Source of entanglement state

- (pseudo-) scalar — 2xfermion

Maximally entangled

AN, Tt helicity

) = |++>\2|__> (co, H: scalar)
) = ‘++>\b|__> (ne: pseudo-scalar)

- vectory — 2Xfermion

No entanglement in non-relativistic limit

(spin conservation)

But relativistic spin-orbital angular momentum

Candidates
Qiao et. al. (2006) p S.Chen (20157) v
Nc > Xc0 L m-
mt mt
P v
N.Tornqvist (1981) P.Privitera (1992)
Qiao et. al. (2006)
p Vv
N\
m- m-
mt mt
P Y]

mixing can cause entanglement even if not maximally
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Bell’s inequality for our setup Chen et.al. (2013)

_ s, s’: polarization vector of AN
e.g. cc> A\ pripn n,n’: direction of T1-, T+ @A rest frame
n,: projection onto a

AN polarization

HSGSE)>‘|‘<3a52l>+<565§3>_<3632l>‘ < 2

dI
d_Q XX ]. —|_ as - n
T+ T1- direction
/ / / / 204/2\
Q) = ‘ <nanb> -+ <nand> -+ <ncnb> — <ncnd> ‘ < 9

A1 2: largest 2 eigen values of CTC
Fix a-d s.t. Q is maximized

Qmax = 2v/ A1 + s - 3 (S I

Bell inequality  (Qpax < 1 (Quantum limit: \2)

L T—— M —
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QM prediction

- LO matrix element

+ measured form factors

Bell’s inequality: Qmax < |

channel | Xc0=AA | Nc=AA | JIW—2AN | ee=YV*=TT | ee=Z2TT | HoTT
Vb — 2T + 2I'2
Qmax V2 \2 0.976+0.048 24T \5/2 V2
L= (2m7/\/§)2
violation O O X? / O O

(O with Vs>8.6 GeV. max:V5/2
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Experimental feasibility

Requirements

m A\, T rest frame can be reconstructed

Since observables are all defined in the frame

= Low BG level
e+e- colliders: O

hadron coll.: x?

m Statistics is needed

for confirmation of violation
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count (arbitrary unit)

Qmax (N~ A\~ pripn)
0.7
06 Classical "+ n=300
- .. =1000
Limit f
0.5 == n=3000
e n=7000
0.4 - |
I [ ™
|
0.3 1 I
I N
0.2 i |
J i" _:-llﬂ.. u-:irh-ll l"""‘“‘lﬂ'l."i |
01 .Fiiﬂ"'”l‘-:'h o liql.l_ti””'"'i#l
I‘I._.L_Hil ol [ i L ||||.|=”.lII
O_:z._l.___l._a_i-_ﬂr-l I B | 'Ph-l-d—-l-—l_.-l-_-_‘_l:_lj.l_:
0.8 1 1.2 1.4 1.6 1.8 2 2.2
Qmax



Ney Lec0 ™ AA—prpn Expected events @BES3

12000evt x eff (N channel)

Candidates: BES3, CLEO
4000evt X eff (Xco channel)

Assuming Eff. ~ 20-30%, BG <0.5%

(— backup) =) 7} N N N SN S BG 0%
Py BG 1%
& BG 2%
@
S g
C s
2
2-3.50 significance ) 340
is already feasible! D S S
 1nc—>AA (@BES3)
1 ............................. ............................. .............................

| | | |
1000 2000 3000 4000 5000
Number of Events N
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ee—>Y*—=>TT—TIVIIV Candidates: Belle, Babar, LEP, ILC?

Belle: Vs=10.58 GeV (Qmax=1.03; LO) ILC: Vs=250-500 GeV (Qmax~1.11;LO)
@ @Belle, BG 0% :5: 4
G) 12 .................................................................................................................................. G)
8 771ﬂo (eff 5%) O 3_5
@ 10 | | @S
2 BG 1% fE’ 3:
S 8 > |
& D,
6 BG 2% 2.9¢
4 21
2 ........................ '_ ......... @Belle,771ﬂa1(e ff . 10%) 1.5:
| e : (eff zo 30%)
0 | | X N I N
200 400 600 800 1000 2000 4000 6000 8000 10000

Number of Events N Number of Events N

Belle: need to update calculation (Qmax=1.03)
ILC:2-30 ok
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Summary

m Test quantum locality in high energy colliders in untested method & systems

= through Bell’s inequality

m | ooking forward to experiments! A
rigidness _
significance 1011S
O
cc—AA
optical exp. ee—Tt
PP (Drell-Yan)
) e
KoKo/BoBo O
O z/H—tt
—
eV MeV GeV TeV o
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Thanks for the attention!
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Rigidness of LHVT test

c.f. 1. Tsutsui (Kinchakai@KEK, 2010)

Optical exp. Efficiency LH | Locality LH significance
A.Aspect et.al. (1981) photon X X 50
Weihs et. al. (1998) photon (400m) X O >|00
Rowe et.al. (2001) ions O X >[00
Particle exp.
CPLEAR@CERN (1999) Ko-Ko X A ~30
Sakai et.al @RHIC (2006) P-p O A ~30
Belle@KEK (2007) Bo-Bo X X 3-40
Tornqvist, Baranov, Chen AN, TT X JAN 2~30
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Space-time Separation of AA

e A(N\) decay ~ spin measurement

* Fraction of events with space-like separated decays events:

1—|—B

w =2 fO dtq ftl e dto ;6_71% -2 _ B. (A Abar decay time : 11,12)

P Tlc Xc0 J/w
6| 0.663 0.757 0.693

-

space-time separation condition:

1
[1 + I >C|t1 —t2| — E“l —lg‘

[3
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