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Einstein, Podolsky, and Rosen, via Bohm

spin-singlet state of photons or particles: 1√
2
[|⇑〉1 |⇓〉2 − |⇓〉1 |⇑〉2]

measurements on 1 (2) indeterminate, but =⇒ full knowledge of 2 (1)

Bell’s Theorem (via Clauser, Horne, Shimony, and Holt):

correlation coeff: E (~a,~b) = R++(~a,~b)+R−−(~a,~b)−R+−(~a,~b)−R−+(~a,~b)

R++(~a,~b)+R−−(~a,~b)−R+−(~a,~b)+R−+(~a,~b)

S = E
(
~a,~b

)
− E

(
~a,~b′

)
+ E

(
~a′,~b

)
+ E

(
~a′,~b′

)
|S | ≤ 2 for any local realistic model; SQM = ±2

√
2 for optimal settings

QM-like results rule out LR, even if we eventually “get behind” QM
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Einstein, Podolsky, and Rosen, via Bohm: Aspect
Aspect et al., Phys. Rev. Lett. 92, 91 (1982)

source: 2-photon cascade decay
ν1, ν2 polarizations are correlated

[two-channel polarimeters used]

correlation coeffs in data vs QM
optimum relative angles 22.5◦ and 67.5◦

S = 2.697± 0.015; cf. SQM = 2.70± 0.05
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e+e− → Υ(4S) → [flavor singlet state of] B0B 0

the B-pair has the same property, substituting flavor for spin/polarization:

the Υ(4S) is C-odd

an entangled B-pair is produced:

individual flavors indeterminate
at fixed t, the pair is always B0B 0

flagship B-factory measurements:{
B0

TAG definite flavor state

B0
CP definite CP state

decay rate modulated in ∆t ≡ t1− t2
with one rate for B0

TAG . . .

and another rate for B 0
TAG : CPV

!(4S) resonance

+e !e
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B0

B0

L = 1

p = 335 MeV/c

|Ψ(t)〉 = e
−t/τ

B0
√

2

[
|B0(~p)B 0(−~p)〉 − |B 0(~p)B0(−~p)〉

]
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1 1(t  ; x  )

BCP

l+

!l

D!

B0TAG
22(t  ; x  )

"

"

ΓCP(∆t) = e
−|∆t|/τ

B0

4τB0
[1± {SCP sin (∆m∆t) + ACP cos (∆m∆t)}]
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Υ(4S): On what can and cannot be measured

we can instead assume the B-physics, and study the entanglement:

quasi-spin:

{
|B0〉 corresponds to spin | ⇑〉z or polarization |V 〉
|B 0〉 corresponds to spin | ⇓〉z or polarization |H〉

optical measurements can use arbitrary axes α| ⇑〉+ β| ⇓〉
for B-mesons, only | ⇑〉 and | ⇓〉 measurements are practical

but |B0〉 t−→ 1
2

[
{1 + cos(∆md t)}|B0〉+ {1− cos(∆md t)}|B 0〉

]
time difference ∆md∆t plays the role of angle difference ∆φ

D

D

D

D

!1 !2

S

unfortunately we can’t choose the φ1,2, or the decay modes . . .
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Υ(4S): The Green Baize Table Conspiracy Model
Bramon/Escribano/Garbarino, J. Mod. Opt. 52, 1681 (2005) via Chris Carter

somewhere, there is a wood-panelled room with a green baize table

men meet there together, smoke, and make conspiracy . . .
and decide everything that happens in detail: including Υ(4S) → BB

hidden variables set at t = 0:

mesons 1 & 2 are given
variables (t1, f1) & (t2, f2)

act locally: meson i decays

at time t = ti
into final state f = fi

if (t1, f1, t2, f2) are chosen
randomly according to QM . . .
the phenomena look like QM!

no ∆φ choice: no Bell test
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Υ(4S): QM versus specific LR models

QM’s entangled flavor oscillations =⇒ distinctive modulation of opposite

(OF) & same flavor (SF) decays: A(t1, t2) = (ROF − RSF )/(ROF + RSF )

AQM(t1, t2) = cos(∆md∆t)

spontaneous disentanglement:
independent flavor oscillations,
ASD = cos(∆md t1) cos(∆md t2)

Pompili-Selleri class of models:
Amin

PS = 1−min(2 + Ψ, 2−Ψ);
Ψ = {1 + cos(∆md∆t)} cos(∆md tmin)

− sin(∆md∆t) sin(∆md tmin)

& upper bound Amax
PS = 1−

| {1− cos(∆md∆t)} cos(∆md tmin)
+ sin(∆md∆t) sin(∆md tmin)|

measure only ∆md :
∫

dtminA . . .

ASYMMETRY A(!t,tmin) for QUANTUM MECHANICS

0
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4
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012345678910
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M
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Υ(4S): “Measurement of EPR-type Flavor Entanglement . . . ” (1)

Belle: A. Go, A. Bay et al., Phys. Rev. Lett. 99, 131802 (2007)

152× 106 BB data sample; established Belle tCPV machinery:

reconstruct one B in flavor-tagging mode B0 → D∗−`+ν
tag other B-flavor using lepton; consistency check to maintain purity
8565 events: 6718 OF, 1847 SF pairs, in 11 bins of ∆t

backgrounds subtracted from OF/SF samples separately, in ∆t bins:
fake D∗, using sidebands 126± 6 OF, 54± 4 SF

bad D∗ − ` combinations, also from data 78± 9 OF, 236± 15 SF

B+ → D∗∗0
`ν, from cosB,D∗` & MC 254 OF, 1.5 (±6%)

produces a time-structured difference in the asymmetry −→
(1.5± 0.5)% correction for mistagging

deconvolution (DSVD: SF,OF separately) to remove σvtx , ε effects . . .
[bias among QM/SD/PS subtracted; systematics assigned]

successful lifetime fit as check: τB0 = (1.532± 0.017) ps, cf. 1.530
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Υ(4S): “Measurement of EPR-type Flavor Entanglement . . . ” (2)

Belle: A. Go, A. Bay et al., Phys. Rev. Lett. 99, 131802 (2007)

fit: float ∆md subject to WA-sans-(Belle+BaBar): (0.496± 0.014) ps−1
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QM fits well SD disfavoured: 13σ PS disfavoured: 5.1σ
χ2/ndof = 5/11 χ2/ndof = 174/11 χ2/ndof = 31/11

“SD fraction”: (1− ζB0B 0)AQM + ζB0B 0ASD , ζB0B 0 = 0.029± 0.057

Pompili-Selleri class: QM-like states, stable mass, flavor correlations;
QM predictions for single B-mesons preserved
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CPV at the Υ(4S); CP-tagging at the ψ(3770)?
Asner and Sun, Phys. Rev. D 73, 034024 (2006); 77, 019902(E) (2008)

formally, the situation at the ψ(3770) is the same as at the Υ(4S):

e+e− → ψ(3770) → 1√
2

(
|D0〉|D 0〉 − |D 0〉|D0〉

)
and so on

practical difference #1: mixing is a %-level effect in D-amplitudes

practical difference #2: CPV is suppressed orders of magnitude further

näıvely, the C-odd state is

{
all about CP violation at Υ(4S)

all about CP-tagging at ψ(3770)

e.g. decays to two CP-even (or two CP-odd) eigenstates don’t occur

but consider the decay ψ(3770) → (K−π+)D(K−π+)D:

reduced to the mixing rate RM = 1
2
(x2 + y 2)

cf. rate from uncorrelated DD: RWS ' 40× RM

there are nontrivial effects due to the coherence of the state

need an orderly treatment for CLEO-c: Asner & Sun, op. cit.,
following Gronau/Grossman/Rosner and others
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ψ(3770): D0 → K0
S ,Lπ

0

CLEO: Q. He et al, Phys. Rev. Lett. 100, 091801 (2008)

simple example: D0 → K0
Lπ

0 reconstruction in tagged events with M2
miss

actually three samples:

D 0 → K+π− tag
D 0 → K+π−π0 tag
D 0 → K+π−π−π+ tag

rate for tag f gives

BK0
Lπ0

(
1 + 2rf cos δf +y

1+RWS,f

)
rf e

−iδf ≡ 〈f |D 0〉/〈f |D0〉 &
RWS ,f are mode-dependent

measure product in D0 → K0
Sπ

0

BK0
Lπ0 = (0.998± 0.049± 0.030± 0.038)%;

(BK0
Lπ0 − BK0

Lπ0)/(BK0
Lπ0 + BK0

Lπ0) = 0.108± 0.025± 0.024 (cf. 2 tan θC )
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ψ(3770): Charm mixing and δKπ (1)
CLEO: Rosner et al, arXiv:0802.2264 → PRL; Asner et al, 0802.2268 → PRD

correlations =⇒ interference terms depend on (x , y , δ) in general

use single tag (ST) rates for B’s; double tag (DT) for correlations

Mode Correlated Uncorrelated

K−π+ 1 + RWS 1 + RWS

S+ 2 2
S− 2 2

K−π+, K−π+ RM RWS

K−π+, K+π− (1 + RWS)2 − 4r cos δ(r cos δ + y) 1 + R2
WS

K−π+, S+ 1 + RWS + 2r cos δ + y 1 + RWS

K−π+, S− 1 + RWS − 2r cos δ − y 1 + RWS

K−π+, e− 1− ry cos δ − rx sin δ 1
S+, S+ 0 1
S−, S− 0 1
S+, S− 4 2
S+, e− 1 + y 1
S−, e− 1− y 1
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ψ(3770): Charm mixing and δKπ (2)
CLEO: Rosner et al, arXiv:0802.2264 → PRL; Asner et al, 0802.2268 → PRD

grand least-squares fit

8 ST yields: −→
43 DT yields:

24 full recon
14 semileptonic
5 K0

Lπ
0

7 external B
[CP eigenstates, &

K−π+ (correlated)]

result: poor σy =⇒
x sin δ unconstrained

“extended” fit adds
external measts :
y , x , r2, y ′, (x ′)2
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ψ(3770): Charm mixing and δKπ (3)
CLEO: Rosner et al, arXiv:0802.2264 → PRL; Asner et al, 0802.2268 → PRD

cos δ = 1.10±0.35±0.07

x sin δ = (4.4+2.7
−1.8 ± 2.9)

×10−3

minimising on physical
(cos δ, sin δ) surface:

δ = (22+11
−12

+9
−11)

◦

δ ∈ [−7◦,+61◦] @ 95%

cos δ precision driven by

{Kπ,S±} DT yields
ST yields

(“both 100%”)

this is with 281 pb−1
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φ3/Dalitz: The state of play
updated Belle arXiv:0803.3375 prelim AND BaBar arXiv:0804.2089 → PRD

Belle φ3 = (76+12
−13 ± 4± 9)◦
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FIG. 1: ∆E and Mbc distributions for the B+ → DK+ (top)
and B+ → D∗K+ (bottom) event samples. Points with er-
ror bars are the data, and the histogram is the result of a
MC simulation according to the fit result. The ∆E (Mbc)
distributions are shown here with a signal-region selection of
Mbc > 5.27 GeV/c2 (|∆E| < 30 MeV) applied; this fit is
performed on the full region.

fit, we do not reject events based on these variables (as
in the previous analysis [9]), but rather use them in the
likelihood function to better separate signal and back-
ground events. This leads to a 7–8% improvement in the
expected statistical error.

The ∆E and Mbc distributions for B+ → DK+ and
B+ → D∗K+ candidates are shown in Fig. 1. For the se-
lected events a two-dimensional unbinned maximum like-
lihood fit in the variables Mbc and ∆E is performed, with
the fractions of continuum, BB̄ and B± → D(∗)π± back-
grounds as free parameters, and their distributions fixed
from generic MC simulation. The resulting signal and
background density functions are used in the Dalitz plot
fit to obtain the event-by-event signal to background ra-
tio. The number of events in the signal box (Mbc > 5.27
GeV/c2, |∆E| < 30 MeV, | cos θthr| < 0.8, F > −0.7) is
756. The (Mbc, ∆E) fit yields a continuum background
fraction of (17.9 ± 0.7)%, BB background fraction of
(7.3 ± 0.5)%, and a B± → Dπ± background fraction
of (4.3 ± 0.3)% in the signal box.

To select B+ → D∗K+ events, in addition to the re-
quirements described above, we require that the mass
difference ∆M of neutral D∗ and D candidates satis-
fies 140 MeV/c2 < ∆M < 144 MeV/c2. The number of
events in the signal box is 149. The continuum back-
ground fraction is (5.7±0.7)%, the BB background frac-
tion is (7.6 ± 1.9)%, and B± → D∗π± background frac-
tion is (7.0 ± 1.3)%.
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FIG. 2: Dalitz distributions of D0 → K0
Sπ+π− decays from

selected B± → DK± (top) and B± → D∗K± (bottom) can-
didates, shown separately for B− (left) and B+ (right) tags.

The Dalitz distributions of D0 → K0
Sπ+π− decay in

the signal box of B± → DK± and B± → D∗K± pro-
cesses are shown in Fig. 2.

III. DETERMINATION OF THE D0
→ K0

Sπ+π−

DECAY AMPLITUDE

As in our previous analysis [9], the D0 → K0
Sπ+π−

decay amplitude is represented using the isobar model.
The list of resonances is also the same, the only dif-
ference being the free parameters (mass and width) of
the K∗(892)± and ρ(770) states. A modified amplitude,
where the scalar ππ component is described using the
K-matrix approach [18], is used in the estimation of the
systematic error.

The amplitude f for the D0 → K0
Sπ+π− decay is de-

scribed by a coherent sum of N two-body decay ampli-
tudes and one non-resonant decay amplitude,

f(m2
+, m2

−) =
N

∑

j=1

aje
iξjAj(m

2
+, m2

−) + aNReiξNR , (2)

where Aj(m2
+, m2

−) is the matrix element, aj and ξj

are the amplitude and phase of the matrix element,
respectively, of the j-th resonance, and aNR and ξNR

are the amplitude and phase of the non-resonant com-
ponent. The description of the matrix elements fol-
lows Ref. [19]. We use a set of 18 two-body am-
plitudes. These include five Cabibbo-allowed am-
plitudes: K∗(892)+π−, K∗(1410)+π−, K∗

0 (1430)+π−,

BaBar φ3 = (76± 22± 5± 5)◦

14

around 70% for signal events, while for continuum back-
ground events it is below 1%.
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FIG. 7: (color online). D̃0 → K0
Sπ+π− Dalitz plot dis-

tributions for (a) B− → D̃0K−, (b) B+ → D̃0K+, (c)
B− → D̃∗0[D̃0π0]K−, (d) B+ → D̃∗0[D̃0π0]K+, (e) B− →
D̃∗0[D̃0γ]K−, (f) B+ → D̃∗0[D̃0γ]K+, (g) B− → D̃0K∗−,
and (h) B+ → D̃0K∗+, for the ∆E signal region. The require-
ments mES > 5.272 GeV/c2 and F > −0.1 have been applied
to reduce the background contamination, mainly from con-
tinuum events. The contours (solid red lines) represent the
kinematical limits of the D̃0 → K0

Sπ+π− decay.

The log-likelihood function for each of the seven CP
samples generalizes Eq. (5) to include the Dalitz plot
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FIG. 8: (color online). D̃0 → K0
SK+K− Dalitz plot dis-

tributions for (a) B− → D̃0K−, (b) B+ → D̃0K+, (c)
B− → D̃∗0[D̃0π0]K−, (d) B+ → D̃∗0[D̃0π0]K+, (e) B− →
D̃∗0[D̃0γ]K−, and (f) B+ → D̃∗0[D̃0γ]K+, for the ∆E signal
region. The requirements mES > 5.272 GeV/c2 and F > −0.1
have been applied to reduce the background contamination,
mainly from continuum events. The contours (solid red lines)
represent the kinematical limits of the D̃0 → K0

SK+K− de-
cay.

distributions,

lnL = −η +
∑

j

ln

[

∑

c

Nc

2
(1 ± Ac)Pc(uj)Dc,∓(mj)

]

. (16)

Here, Dc,∓(m) is the Dalitz plot PDF satisfying the nor-
malization condition

∫

Dc,∓(m)dm = 1, and Ac accounts
for any asymmetry in the absolute number of B− and B+

candidates (charge asymmetry) for component c.
For B∓ → D̃0K∓ signal, Dsig,∓(m) = Γ∓(m)ε(m),

where the efficiency map in the Dalitz plot ε(m) is de-
termined as for D∗+ → D0π+ events (Sec. III B). We
replace r2

B in Eq. (2) by r2
B∓ = x2

∓ + y2
∓. The physical

condition rB− = rB+ is recovered in the statistical pro-
cedure to extract γ from x∓, y∓, as discussed in Sec. V.
The same procedure is applied analogously to the other
signal samples.
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around 70% for signal events, while for continuum back-
ground events it is below 1%.
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and (h) B+ → D̃0K∗+, for the ∆E signal region. The require-
ments mES > 5.272 GeV/c2 and F > −0.1 have been applied
to reduce the background contamination, mainly from con-
tinuum events. The contours (solid red lines) represent the
kinematical limits of the D̃0 → K0

Sπ+π− decay.

The log-likelihood function for each of the seven CP
samples generalizes Eq. (5) to include the Dalitz plot
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tributions for (a) B− → D̃0K−, (b) B+ → D̃0K+, (c)
B− → D̃∗0[D̃0π0]K−, (d) B+ → D̃∗0[D̃0π0]K+, (e) B− →
D̃∗0[D̃0γ]K−, and (f) B+ → D̃∗0[D̃0γ]K+, for the ∆E signal
region. The requirements mES > 5.272 GeV/c2 and F > −0.1
have been applied to reduce the background contamination,
mainly from continuum events. The contours (solid red lines)
represent the kinematical limits of the D̃0 → K0

SK+K− de-
cay.

distributions,

lnL = −η +
∑

j

ln

[

∑

c

Nc

2
(1 ± Ac)Pc(uj)Dc,∓(mj)

]

. (16)

Here, Dc,∓(m) is the Dalitz plot PDF satisfying the nor-
malization condition

∫

Dc,∓(m)dm = 1, and Ac accounts
for any asymmetry in the absolute number of B− and B+

candidates (charge asymmetry) for component c.
For B∓ → D̃0K∓ signal, Dsig,∓(m) = Γ∓(m)ε(m),

where the efficiency map in the Dalitz plot ε(m) is de-
termined as for D∗+ → D0π+ events (Sec. III B). We
replace r2

B in Eq. (2) by r2
B∓ = x2

∓ + y2
∓. The physical

condition rB− = rB+ is recovered in the statistical pro-
cedure to extract γ from x∓, y∓, as discussed in Sec. V.
The same procedure is applied analogously to the other
signal samples.

(see Anton Poluektov’s talk from Monday); σmodel already uncomfortable
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φ3/Dalitz: Model-independent analysis
Bondar & Poluektov arXiv:0801.0840 → EPJC; following EPJC 47, 247 (2006)

extract from ψ(3770) data:
c = cos(δD(m2

+,m
2
−)− δD(m2

−,m
2
+))

s = sin(δD(m2
+,m

2
−)− δD(m2

−,m
2
+))

1 advance:
nonobvious binning,
uniform in ∆δD |model

2 drawback: bias for finite
DCP → K0

Sπ
+π− sample

3 renewed attack:
{ci , si} determined in
ψ(3770) → (K0

Sππ)D(K0
Sππ)D;

unbiassed at finite stats

0.5

1

1.5

2

2.5

3

0.5 1 1.5 2 2.5 3
m+

2 (GeV2/c4)

m
–2  (

G
eV

2 /c
4 )

Bruce Yabsley (Sydney) Entanglement at ψ(3770) & Υ(4S) FPCP/Taipei 2008/05/06 17 / 24



φ3/Dalitz: Model-independent analysis
Bondar & Poluektov arXiv:0801.0840 → EPJC; following EPJC 47, 247 (2006)

extract from ψ(3770) data:
c = cos(δD(m2

+,m
2
−)− δD(m2

−,m
2
+))

s = sin(δD(m2
+,m

2
−)− δD(m2

−,m
2
+))

1 advance:
nonobvious binning,
uniform in ∆δD |model

2 drawback: bias for finite
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Summary

entangled D-pairs lift model-dependence of φ3/Dalitz analysis

CLEO-c will already be necessary for final B-factory results
BESIII results will be needed for super-B/flavor analysis
opposite-side CP tagged D0 → K0

Sπ
+π− help;

ψ(3770) → (K0
Sπ

+π−)D(K0
Sπ

+π−)D are crucial

entanglement in ψ(3770) → D0D 0 modulates tagged decay rates

has to be taken into account for D0 → K0
Lπ

0 measurement
gives mixing- and δKπ-sensitivity for {S+, S−, Kπ, . . .})
cos δKπ = (1.10+0.31

−0.17 ± 0.06); (x , y) constraints → δKπ = (22+11
−12

+9
−11)

◦

entanglement at Υ(4S), used many times/second, has been tested

test of specific models, not a Bell Inequality test . . .
“decoherent fraction” ζB0B 0 = 0.029± 0.057 [modified interf. term]
Pompili-Selleri class of LR models is ruled out at 5.1σ

[many details suppressed: ask me a question!!]
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EPR-Bohm (backup)
J.D. Franson, Phys. Rev. Lett. 62, 2205–2208 (1989)

BELLE Franson, Phys. Rev. Lett. 62, 2205–2208 (1989)

some more recent experiments are based on a devious design

with alternative paths used to set up a position-time correlation:

it’s the variable phase delays Φ1,2 (Pockels cells or similar)

which are interesting for our purpose: we shall return . . .

UMelb 21–Mar–2007 EPR correlations in B0-B0 at Belle Bruce Yabsley
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Υ(4S): Green Baize Table Conspiracy (backup)
G. Weihs et al., Phys. Rev. Lett. 81, 5039–5043 (1998): “Aspect++”

BELLE The Green Baize Table Conspiracy Model (3)

Aspect++: G. Weihs et al., Phys. Rev. Lett. 81, 5039–5043 (1998)

changing ∆θ in flight . . . based on random numbers

no conspiracy can fix results according to ∆θ; but in our experiment, it can

UMelb 21–Mar–2007 EPR correlations in B0-B0 at Belle Bruce Yabsley
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Υ(4S): Bell test in case of active flavor measurement? (backup)

Bertlmann, Bramon, Garbarino, Hiesmayr, Phys. Lett. A 332, 355–360 (2004)
BELLE An ideal experiment à la Star Trek: TNG c©

wrong: unfortunately there is another problem with the B-meson case . . .

• B-mesons decay:

sample decreases rapidly with ∆t

• crucial parameter xd = ∆md/Γd:

rate of oscillation relative to decay

• Bell test impossible if x < 2.0:

system x

B0/B0 0.77

K0/K0 0.95

D0/D 0 < 0.03

Bs/Bs ∼ 26

• so it’d work for Bs mesons . . .

Aspect: free to choose

optimum ∆θ = 22.5◦, 67.5◦

UMelb 21–Mar–2007 EPR correlations in B0-B0 at Belle Bruce Yabsley
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Υ(4S): “Measurement of EPR-type Flavor Entanglement . . . ” (b)

Belle: A. Go, A. Bay et al., Phys. Rev. Lett. 99, 131802 (2007)

Systematic errors

window [ps] A and total error stat. err. total event sel. bkgd sub. mistags deconv.

0.0 – 0.5 1.013 ± 0.028 0.020 0.019 0.005 0.006 0.010 0.014

0.5 – 1.0 0.916 ± 0.022 0.015 0.016 0.006 0.007 0.010 0.009

1.0 – 2.0 0.699 ± 0.038 0.029 0.024 0.013 0.005 0.009 0.017

2.0 – 3.0 0.339 ± 0.056 0.047 0.031 0.008 0.005 0.007 0.029

3.0 – 4.0 −0.136 ± 0.075 0.060 0.045 0.009 0.009 0.007 0.042

4.0 – 5.0 −0.634 ± 0.084 0.062 0.057 0.021 0.014 0.013 0.049

5.0 – 6.0 −0.961 ± 0.077 0.060 0.048 0.020 0.017 0.012 0.038

6.0 – 7.0 −0.974 ± 0.080 0.060 0.053 0.034 0.025 0.020 0.025

7.0 – 9.0 −0.675 ± 0.109 0.092 0.058 0.041 0.027 0.022 0.022

9.0 – 13.0 0.089 ± 0.193 0.161 0.107 0.067 0.063 0.038 0.039

13.0 – 20.0 0.243 ± 0.435 0.240 0.363 0.145 0.226 0.080 0.231
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ψ(3770): Charm mixing and δKπ (backup)
CLEO: Rosner et al, arXiv:0802.2264 → PRL; Asner et al, 0802.2268 → PRD

X e−ν modes
(summed):

full recon DT
modes (summed):
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