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Ime dependent flavor asymmet

_ (At
B Time dependent flavor asymmetry e8 N,y NBO"BO(At)"fo gopo(T)T
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BELLE experiment

KEKB:
CMS energy @ Y(45)
B~ = 0.425

SVD:
O, 2 ddumM

for 1 GeV/c at 90°
CDC:
op/p ~ 0.35%

at 1 GeV/e
KLM:
€, > 90%, ~ 2% fakes

Magnet: 1.5 T
Superconducting solenoid

T T
Bi53/L 3 /3 7 1 — 140 fiord (B 152*106(E 1 24)
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VS. Spontaneous Disentanglem
BEFIFERRL T2O00E7T L& H T

1. Spontaneous disentanglement (SD) into B°B° at t~0.
ZNZTND BRI RFEIFERE -

FADBNRELTESIRADBDIL—/INHRESNIELND T,
EBrERRBYyr L, T@ITt1+t2, t1-12 AT o=,
1

Asp(ty, ta) = cos(Amgty) cos(Amgts) = 5

Agp (average out t;+t,)

—[cos(Amg(t; + t2)) + cos(AmgAt)]

QM(AI)—L 0s(Amy At)

Na

Am, =0.507ps™

0 2 4 6 8 10 12
At [ps]
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QM vs. Local Realism by PS

2. Local Realism model by
Pompili & Selleri (PS): & (Z4
DDINENFIEL T S
. B%,,B%, B,°, B,°
B SN 2E

A CP=+1lor-1

A,:Flavour=+1 or -1

. ZRPhO B QVMIEERE |
< .

. A..andA_ . DfEx L 5

F. Selleri, Phys. Rev. A 56 (1997) 3493
A. Pompili and F. Selleri, Eur. Phys. J. C14 (2000) 469
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Analysis Steps

B 140fbl (152MD B)D T — Y {HH -
B Event selection

B Background subtraction
— Fake D*
— Uncorrelated D*/
—  B*¥—=>D**y
B Wrong flavor tag correction
B Data deconvolution

M result
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Event selection

. Semileptonic B side:
\"'al.]"iul)l(‘ ' (?:ts _ BO_) D*_/"'V, (l+:e+, ,Ll+)
ig;,g—g t . 1.4GeV/c </ ??;fg»; 1<U(')2.4G€1 /c | DO~
Slow 7 vertex constr. to Y /dof < | o =0 ——p -
K /7 likelihood for K37 mode: Proby,, < 0.5 —>K'n ’ K'mn ’ K '
K, Kn7® mode: Proby /. < 0.3 Bra nchlng Rat|0=4 6%
Pro P > 02GeV/e
P, P, > 0.08 GeV/e
P » (K37 mode) Py = > 02GeV/e . L
Impact parameters |drip| < 0.2cm Had0n|ceve rtex0)1lL|E
cos(fp p+1) [cos(@p p-)| < 1.1
D’ mass —3TMeV/e? < Mg gm0 — Mpo < 23MeV/c? I
—13MeV/e? < Mgricar — Mpo < 13MeV/c?
Mp- — Mpo 144.4MeV/c* < Mp- — Mpo < 146.4MeV /c*
PSS PEMS < 2.6GeV/e
BY vertex \2/dof <5 b _4 \Y
Biag vertex \2/(/0_}" <75

v

2 4 2|5E||§}")$€.| cos(0g pe),

M2 = (Ej — Ej.)? — 15312 — |5,

Once the B9 is selected, all other tracks are
used to identify the flavor of the
accompanying B. Lepton tag only and
r>0.875 to obtain highest purity.
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After event selection: MC vs Data

Total of 6718 (OF)and 1847 (SF) events
selected

Consistence check: MC vs. data in At
distribution for OF+SF (independent of QM
entanglement assumption in MC) e

< 800 F
o
~
< 700 F

600 F

500 ¢

400
300 |
200 F

100 |

s000 |

2000 |
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Systematics

We estimate the systematics after subtracting backgrounds (Fake D*,
Uncorrelated D*1, charged B) and wrong flavor tag:

At bin || Evt sel. | Fake D* | Uncor. D*I | Wrg Flv | BT Tot analysis

] 0.0054 0.0020 0.0058 0.0100 | 0.0134 0.0186

2 0.0055 0.0032 0.0060 0.0098 | 0.0130 0.0185

3 0.0130 0.0025 0.0042 0.0087 | 0.0132 0.0211

4 0.0082 0.0019 0.0023 0.0065 0.0120 0.0162

5 0.0092 0.0008 0.0072 0.0066 | 0.0126 0.0184

¥ 0.0211 0.0081 0.0068 0.0130 [ 0.0134 0.0301

7 0.0195 0.0051 0.0123 0.0124 | 0.0144 0.0303

3 0.0339 0.0061 0.0174 0.0195 | 0.0187 0.0471

9 0.0410 0.0079 0.0211 0.0222 [ 0.0213 0.0559

10 0.0669 0.0214 0.0571 0.0380 [ 0.0233 0.1009

11 0.1449 0.0226 0.2222 0.0803 | 0.0416 0.2812

A >
e | / "7 .

cuts (appendix B) |'| +1o variation \ EZ?HO:.S h
® M(D*)-M(DO) | | in SF/OF distrib | | @ = 1.5£0.5% racton
_ | : and BRs ratio
@ cos(Bg p=) | = +1 %

® =1o variation
in SF/OF distrib

M(D*)-M(D?
different sidebands
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Cross Check: Forward Test

*At this stage, we compare data with MC prediction for QM, LR an
SD results

*Since our MC is generated with QM correlation, we re-weight eac
event to produce the prediction of PS and SD models.

: E M R
£0.75 EH | Eo7s E
= - e I o
€05 F M 405 E
0.25 £ 0.25 E
o B 1 o E
—025 B M L —0.25 F
~05 E i - -0 ¢
~0.75 F & —0.75 ¢
-1 F -1
C 1111 I 11 1 1 I | I | I L1 1 1 T T I L1 1 | I 11 1 1 I L1 1 1
0 5 10 15 20 o 5 10 15 20
At [ps] At [psal
£
2
£ g
£0.75
= 2
< 05 E
0.25 E
o E
~0.25 E
-05 E -
-075 E
1

11 11 1
13 20
At [pe] 24
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Cross Check: BO lifetime
Add OF+SF and fit the lifetime of B°;

|
| +. L+ 1
6 18
At [ps]
< 83
> 0.3
; B%E \ |
"o E++++++++
—0.3
—0.4 T T B S T N B B B R
—0.55 2 4 6 8 10 12 14 16 18 psz]o
1=1.532+0.017 ps Consistent with PDG valfe
v?=3/11 bins
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Result: Comparison with QM

We let Am, float (but with the constraint Am,=(0.496%0.013)pst, from
the best experimental value excluding entangled B pair measurements)

and fitd QM,

fra)
O
-

A/C

~d 1
Or = W O W O

Asymmetry
X

2013/4/17

ata to OM, we obtain:

(o= =

M
QuM

20
s At [PS]

Am=(0.501+0.009)ps -

Data fits QM quite
Weli!!
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Result: Comparison with SD model

We let Am, float (but with the constraint Am=(0.4961+0.013)ps!) and fit
data to SD model, we obtain:

A/ Ciot

Am=(0.419£0.008)ps*
v?=174 (for 11 bins)

Hypothesis Test:
Data favors QM over
SD model by 13c.
Completely ruled out!

Asymmetry
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PS model vs. QM

Fit data to PS model, using the closest boundary. We conservatively assign
a null deviation when data falls between A, and A;i

e el

¢ 3l
0___ | ==
-3

1H. | | PS (error from Am)

Asymmetry
o o

N O N
OO,

)
\

ol — Data
025f F
05E
-0.75 F sl o
0 10 20

At [ps]
Data favors QM over PS model by 5.1c. Strongly ruled out!
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Decoherence Check

B One can construct a model where only a fraction (A) of the B
pair disentangle into B® B?, the asymmetry becomes:

A=(1-C)AqmtCAsp
B Single parameter A fit gives:

m (=0.029+0.057

B Consistent with O (=> no decoherence)

Previous estimate from CLEO and Argus data: £=-0.06+0.10 (Bertlmann
and Grimus: PRD64 (2001) 056004)

Similarly, one can fit decoherence in B,,B, basis:
A=(1-C)Aowm -~ £=0.0041+0.017

2013/4/17 s Lt ’

=



Conclusion

e EPR-type quantum entanglement has been observed both
in K® and B% mesons

1. Kmeson: PLB 422 (1998) 339
2. B meson: quant-ph/0702267 (submitted to PRL)

e BO%system: Local Realism models can be tested: two specific
models has been ruled out.

e Decoherence are measured in both systems, consistent with
zZero.
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Bell inequlality

B Photon®D EZ[FR. cosTEMNNTLVS,

N, (At)+N_ (At)-N_, (At)-N_(At)
A(At) = = cosAmALt
N,,(At)+N_(At)+N, (At)+N_(At)

B ANILDAEFERFTETES,
S(At) = 3ER(At) — Er(3At) < 2

S = 2.725 £ 0.167stas £ 0.092yst

B 327U ETH-oTLS,
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