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The Original B factory Experiments

» BaBar @ PEPII . 433 fb'! (470M BB)
* Belle @ KEKB . 711 fb' (771M BB)

* Confirmed the Kobayashi-Maskawa Mechanism

* Asingle complex CKM phase can explain all CPV
observed in the quark sector to date

* This is now a validated part of the SM

* Belle Il @ SuperKEKB aims to collect
50ab! (>50 x 10° BB) to look for deviations from
this picture (BSM physics)
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In b->s: B->phi Ks, B->eta' Ks

The Belle Il physics scope
extends far beyond B
physics and CPV:
Charm, tau, precision EW,
quarkonium physics, dark
sector searches, and more
See

, arXiv:1808.10567,

Note: quantum tests with

Tau mesons proposed
(arXiv:2311.17555), but
won’t be discussed today.
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https://arxiv.org/abs/2311.17555

Belle Il @ SuperKEKB

Upgrade of Belle @ KEKB
Asymmetric ete™ collider at 10.58 GeV [Y(4S)]
Increase instantaneous luminosity by factor 30

Largely accomplished via nanobeam scheme
g,*: 940 - ~50 nm

SuperKEKB (design)

Beam focusing key ingredient for increasing luminosity at SuperKEKB.
May also benefit searches for quantum decoherence: once interaction region becomes sufficiently small, we
should be able to estimate individual B meson decay times; t1, t2




Beam-focusing IRL. The superconducting magnets for final
focusing of the beams were moved to the core of the Belle Il
detector (January 2018)
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B factory basics

Clean events with tightly constrained kinematics

Unlike hadron colliders
* Single collision per event
* e'e are elementary = initial state four-vector known and
StatiC: Py(as) = Pe-TPe+
BB pair produced just above threshold
* Insufficient energy to produce additional particles

BB fly back-to-back in COM frame (p; exaggerated in
figure), but B frame is not a priori known

e ptOM. ~ 335 MeV/c

* Full kinematic reconstruction of a single neutrino is possible on
”signal side” by fully reconstructing the “tag side”

Flavor tagging: determine if B or anti-B

* Exclusive reconstruction: low reconstr. efficiency, probability of
correct flavor tag very high

* Inclusive reconstruction: high reconstr. efficiency, but only
medium-high probability of correct flavor tab

Sven Vahsen Oxford Workshop on Quantum tests in Collider Physics
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B factory basics: decay times from vertices

Y(4s)
* ete” beam energies are asymmetric 7 GeV 4 GeV
e e+
* Resulting Y(4s) boost allows for identification
of displaced B vertices
LAB-frame

e B-decay-time-difference Az = yScAt~ 200 um
* measurable with silicon strip and pixel detectors Y(4s) o
* Az provides decay time difference, order ps! Brag
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The Y(4S) —» B°B9 Quantum Laboratory

B? and B9 are not mass-eigenstates
- a single B® undergoes flavor oscillations

{

Y(4S) - BOBRO decays via strong interaction; initial state
C=-1 charge conjugation eigen-value must be conserved + diagrams with u.c exchange

Hence, BBO pair ends up flavor entangled:

=

W(1)) = <2 [|BY(5)B°(—5)) — [B°(5)B(~p))]

If one B decays into a flavor specific final state at time t;...

* ...then the other meson collapses into a state of opposite
flavor instantaneously

e ... but it will keep undergoing flavor oscillations until it, too,
decays
“EPR-style” entanglement
* non-local, quantum super-position state

p =335 MeV/c/
@ 5

BO Q/
L
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Y(4S) — B°BO : 3 Quantum Laboratory

* Non-local flavor entanglement is
assumed “perfect” in analyses of Belle II ¢ BYBY (OF)
B-mixing and TDCPV [cdt=362 fo ¢ BoBO 4 BOBO (SF)

* Expect all B mesons to have opposite 0.875 <r < 1.0
flavor at delta t=0.

* Sensitive searches for deviations from
nominal mixing and perfect
entanglement are possible

* using At distributions

e desirable to also measure individual B
meson decay times (t1,t2)

* Belle Il better suited than Belle
» (eventually) higher statistics
e improved vertex resolution

* better tagging efficiency

e smaller luminous region
— access to t1,t2
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https://arxiv.org/abs/2402.17260

What can we probe in this Quantum Laboratory?

Six broad categories
1. B meson properties (Am, tg), CPV in V' Bread and butter of B factories
the weak interaction (e.g. sin 20,)

2. BSM Symmetry violations (CPTV, v Belle, Babar, (DO, LHCb,...)
Lorentz symmetry violation)

3. Search for evidence of hidden variable

theories (alternatives to QM) V' Belle (PRL 99, 131802 - 2007)

Collapse theories (augment QM)

. not attempted?
5. QM Decoherence of B meson palr (except for spontaneous decoherence,

entanglement included in 2007 Belle PRL)
6. Statistical tests of entanglement

Sven Vahsen Oxford Workshop on Quantum tests in Collider Physics 11



Spontaneous versus environmental decoherence

Measurement of Einstein-Podolsky-Rosen-Type

1.21x10"20 g
t=0:

Flavor Entanglement in Y(4S)—BB Decays
A. Go et al. (Belle Collaboration), PRL 99 (2007)

Spontaneous disentanglement Upsilon deca

or non-coherent production

Lindblad type decoherence

tl:
first B deca

Model for decoherence of entangled beauty
R. A. Bertlimann and W. Grimus, PRD 64 (2001)

Measurement not
attempted to date!

t2:
second B decay

Sven Vahsen Oxford Workshop on Quantum tests in Collider Physics 12



The Belle PRL on EPR

A. Go et al. used deconvolved At distribution, excluded

e “Pompili-Selleri” hidden variable model

pSX(t1,t2) =1 — [{1 — cos(AmgAt)} cos(Amgtmin)
+ sin(AmgAt) sin(Amgtmin)|, and

A/Gyoy
A/Oyoy
A/Oyoy

min(¢),ty) =1 —min(2 + ¥, 2 — ¥), where
U = {1+ cos(AmgAt)} cos(Amgtmin)
— sin(AmgAt) sin(Amgtmin)-

Asymmetry
Asymmetry

g
)
E
£
>
7]
<

e “Spontaneous Disentanglement” of all BB pairs

Asp(t1,t2) = cos(Amat1) cos(Amats) (2)
= %[COS(Amd(h + t2)) + cos(AmgAt)], At [ps]
« Fractional Spontaneous Disentanglement 2QM fits well SD2disfavoured: 130 PS disfavoured: 5.1¢
X°/Ndor = 5/11 X2/ ngor = 174/11

* 3% +/- 6% ; possibly a systematic error on sin 2¢4
measurement, not studied

Note: models depend on t1, t2, but these were not measurable in Belle, hence integrated out

Sven Vahsen Oxford Workshop on Quantum tests in Collider Physics 13



Discrimination Power of individual B meson decay times

Access to t; generally adds a new dimensions and should increase sensitivity

Asymmetry for QM Asymmetry for Spontaneous Disentanglement

Generator level £ =

Genera to'flevelj/f |
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At (PS)

Entanglement: depends only on At Disentanglement and decoherence:
depends on t; and At
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Quantum Decoherence

THE FRONTIERS COLLECTION

Interaction of entangled states with environment can explain
appearance of classical behavior at macroscopic scales

Not an extension of QM, but rather a consequence of QM
l that was not previously appreciated

Entangled states decohere over time

Limits quantum computers

DECOHERENCE
QUANT ’ « Our BB system evolves inside the SuperKEKB beam pipe
* But even such an "isolated” system still interacts with background
fields: infrared photons, cosmological neutrinos, Higgs condensate...
&) Springer * Energy density components that we do not fully understand, yet,

may also contribute: dark matter & energy

Sven Vahsen PITT PACC Workshop: Exploring Quantum Mechanics in HEP



Lindblad Type Decoherence of B meson entanglement
R. A. Bertlmann and W. Grimus, PRD 64 (2001) Normalized opposite flavor plots

* Decoherence effect in this model: entanglement of the B
meson pair becomes imperfect with time

Begins after Y(4.S) decay and ends at first B meson decay

Parameter A€[0, ==) characterizes strength of decoherence
growth

Theory predictions for Belle II:
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N = %6’ (t1+22) ‘cosh( “\‘r,)‘\‘f ) — pe Aty cos(AmAt)]

M=+1: same flavor decays, -1: opposite flavor decays

* As decoherence strength parameter A increases; same-sign B meson pairs at At = 0 become allowed
* model depends on individual t1 and t2, but that has been integrated out in figure > At dependence looks like miss-tagging

Sven Vahsen Oxford Workshop on Quantum tests in Collider Physics 16



BB pair flavor vs ty, t, for Lindblad decoherence

A (decoherence strength)

Ngg/ (NBB+NB§)’ A =0.00/ps NBB/(NBB+NB§)’ A =0.01/ps Ngg/ (NBB+NB§)’ A =1.00/ps NBB/(NBB+NBE)’ A =10.00/ps

~ Generator level

0O 05 1 15 2 25 3 35 4 45 5

As decoherence strength A increases, number of same-sign B meson pairs at increases

In this 2d plane, decoherence distinct from miss-tagging (assigning wrong b-flavor in reconstruction)

Experimentally access to coordinate orthogonal to At ( t,,,,, tmax OF 2, t ) should enhance sensitivity to
decoherence, and the difference between miss-tagging and decoherence

At=t,—t; ; Dt=t1+t,

Sven Vahsen Oxford Workshop on Quantum tests in Collider Physics 17



Fitting for Lindblad Decoherence Parameter A
using truth-level decay times and flavor

2d binned fit: 10 At bins and 3 tminbins . 100k events per fit

Same Flavor Fit Same Flavor Fit Projection Same Flavor Fit Projection

Fit with A = 0.009 +/- 0.0086
—=&— MC data at minT = 0.574ps

A x minT = 0.0053

Theoretical Curve

Fit with A = 0.009 +/- 0.0086
——=e— MC data at minT = 0.166ps

A x minT = 0.0015

Theoretical Curve

BB
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Same Flavor Fit Projection
Fit with A = 0.009 +/- 0.0086
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tmin bin 3 A=0 ps*: flavor oscillation identical in three t.. . bins
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Fitting for Lindblad Decoherence Parameter A
using truth-level decay times and flavor

100k events per fit

2d binned fit: 10 At bins and 3 tminbins .

Same Flavor Fit

©

Ngg/(N__+N_),

T 6-4-20 2 4 6 8 .

Same Flavor Fit Projection

Fit with A = 0.507 +/- 0.0122
—=e— MC data at minT = 1.127ps

A x minT =0.5713

Theoretical Curve

Chin bin 3

: Geqeratqr Ievell

e ici=l=Y=YoRoNo¥o)

OLNWRAROON®O

6 4 -2 0
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Same Flavor Fit Projection

Fit with A = 0.507 +/- 0.0122
——=e&—— MC data at minT = 0.165ps

A x minT = 0.0834

Theoretical Curve
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Same Flavor Fit Projection
Fit with A = 0.507 +/- 0.0122

—=&— MC data at minT = 0.574ps
A x minT = 0.2911
Theoretical Curve
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Generator leve
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A=0.5 pst: flavor oscillation not identical in three t,... bins
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Fitting for Lindblad Decoherence Parameter A
using truth-level decay times and flavor

2d binned fit: 10 At bins and 3 tminbins . 100k events per fit

Same Flavor Fit Projection
Fit with A = 0.995 +/- 0.0271

—=&— MC data at minT = 0.575ps
A x minT = 0.5721
Theoretical Curve

Same Flavor Fit Projection
Fit with A = 0.995 +/- 0.0271

——=e— MC data at minT = 0.165ps
A x minT = 0.1645
Theoretical Curve

Same Flavor Fit
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000000000
OLANWPAPOIOONWWO o

|
»

Npg/(N__+N.),

Cmin bin 1 in bin 2

000000000
OLNWRUON®O

AT T T T T T [T T[T T T T [TTRTTITITTTTT

3 Gelneratcl)r

Generator level
1 L L 1 1 L 1 | L L 1
6 -4 -2

4 2 0

L I
4

Same Flavor Fit Projection
Fit with A = 0.995 +/- 0.0271

—=e— MC data at minT = 1.127ps
A x minT =1.1206
Theoretical Curve

in bin 3 A=1.0 pst: flavor oscillation not identical in three t,.. bins

oco0000000
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Sensitivity to decoherence parameter A

simplistic binned fit at truth level (10k events, )
smearing of absolute decay time =

N=10000, dtBins=15, tminBins=3,
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Simulated A

Sensitivity improves with smaller - illustrating importance of measuring tmi,
At truth-level >5 sigma sensitivity w/10k reconstructed events for A>~0.04
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Obtaining At, t

min

e ER
1 — ER Slope = 0.01066 + 0.00015 ps/um
IR

— IR Slope = 0.01031 + 0.00009 ps/um °

Belle |l simulation
- work in progress

T
—1000 0

Az (um)

T T T
—2000 1000 2000

Use correlation to find difference in B
meson lifetime (commonly done)

150 um
940 nm

7 mm

Sven Vahsen

from reconstructed quantities

Belle Il simulation
- work in progress

tgen (PS)

o« &

&

- D58

s

age 8 ¢

. s

>
» s
-

e

",6:\*
Ll

£

°
-

—200 0
Xrec (M)

—400

200

Discovered correlation between t and x,
found proxy for absolute B meson lifetime!

Non-zero correlation due
to beam-crossing angle!

10 um
50 nm
0.25 mm
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Recent measurements of the beam spot size in x

SuperKEKB beam spot (luminous
region) size depends on beam optics
o, appears to be sufficiently small,
measurement looks feasible now!
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time

time
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A closer look: which x; coordinate works best?

Belle Il simulation

Belle Il simulation
- work in progress

- work in progrgss

tgen (PS)

—_
n
o
~
N
o
+
~—
+

0
-200 -150

min Xmax Xmin+xmax
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Separate reconstructed events into two x; bins...

[ ER Low Selection Data [J ER Low Selection Data
ER High Selection Data ER High Selection Data

Belle Il simulation Belle Il simulation
- work in progress - work in progress

[ ER Low Selection Data
ER High Selection Data

Belle Il simulation
- work in progress

using X, USING Xinax USING XpintXmax

* We obtain two different t distributions if we use X, OF X, i X2y
* We have access to two bins of absolute B meson decay time
* This is after reconstruction —i.e. techniqgue appears experimentally feasible!

Sven Vahsen Oxford Workshop on Quantum tests in Collider Physics 25



Reconstructed At distributions, A = 0 ps™

Data binned using X,.x. 100k events

Exclusive hadronic reconstruction of both Bs Exclusive hadr. reconstruction of one B, other inclusive

ER 37.0um < Xsig < © um ® IR34.7um < Xsig < © um

® ER—oum < X5ig < 37.0 um ® [R—oum < Xsig < 34.7 um

¢

[]
Belle Il simulation Belle Il simulation
- work in progress =« - work in progress

A =0, no decoherence, default Standard Model physics in EvtGen

Sven Vahsen Oxford Workshop on Quantum tests in Collider Physics 26



Reconstructed At distributions, A = 0.5 ps™

Data binned using X,.x. 100k events

Exclusive hadronic reconstruction of both Bs Exclusive hadr. reconstruction of one B, other inclusive

ER 37.0um < Xsig < © um e IR34.7um < xgg < © um

® ER—wum < X5ig < 37.0 um ® IR—coum < Xsig < 34.7 um

[ 3
CF )

3

Belle Il simulation Belle Il simulation
- work in progress - work in progress

Clearly observe decoherence signature using only reconstructed quantities
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Reconstructed At distributions, A = 1.0 ps™

Data binned using X,.x. 100k events

Exclusive hadronic reconstruction of both Bs Exclusive hadr. reconstruction of one B, other inclusive

ER 37.0um < Xsig < « um ® IR34.7um < Xsig < © um
® ER—wum < Xsig < 37.0 um ® [R—oum < Xsig < 34.7 um

Prg, ot

LAY ¥ A )
IIIIII

Belle Il simulation Belle Il simulation
- work in progress - work in progress

Clearly observe decoherence signature using only reconstructed quantities
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Summary

* Y(4S) - BB system constitutes an exciting Quantum Laboratory,
sensitive to many classes of SM and BSM physics effects

* Setting limits on decoherence of entanglement (e.g. Lindblad parameter A,
and non-coherent production fraction) would allow us to
e provide a systematic uncertainty for IDCPV analyses
e compare against SM theory predictions (<= needed!)
* set limits on various BSM contributions to decoherence

* New experimental techniques, unique to SuperKEKB & Belle II,
are in development

* Exploit nano-beam scheme to obtain absolute B meson decay times
* First proof-of-concept with reconstructed simulation shown today!

Sven Vahsen Oxford Workshop on Quantum tests in Collider Physics 29



Looking for input from theorists

Lindblad decoherence of BB entanglement
* Apparently the predicted is basis dependent:

* Does the form of the decoherence depend on
the couplin§ of the environmental
interaction:

* Need predictions of SM and BSM
decoherence strength 4

* Other B-meson types (

B
higher beam energles._What are the most
interesting opportunities?

* Generic Quantum Information tests using
BB system and flavor correlations, despite
collider loopholes.

* Quantum tests with Tau mesons,
proposed in arXiv:2311.17555

* We welcome new ideas from theorist,
please get in touch.

) B*)available at Separability

Non-separability

Yoav Afik (University of Chicago)

Sven Vahsen Oxford Workshop on Quantum tests in Collider Physics

30
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Future directions

Sven Vahsen

* While the simple B-meson x-vertex
positions already appear sensitive to
the absolute B decay times...

e ...A full 3D treatment that maximally
exploits all available information
should do even better, and work on
this has started

Oxford Workshop on Quantum tests in Collider Physics
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Other models and ideas

Probing quantum decoherence at Belle Il and LHCb

Puniike(At) — Puge(At) T
A(AL) = unlike ike — —AAt AMAt
( ) Plilce( At) + Punlilce ( At) T + Ae COS( ) G::t:::kl::mar Alok,® Subhashish Banerjee,” Neetu Raj Singh Chundawat® and S.

¢ D e CO h e re n Ce at t h e Sin gle- B - E.g. the mass eigenstates of the B B, and B, stop interfering:

No time dependent oscillations any more, description by a density matrix
Could happen due to a different propagation speed (but also due to interaction with environment)

meson level. Also also affects o))
b d fl illati - N
observed flavor oscillation.

-0.25 ‘J‘ /
L] -0.50 —
* Other B-meson types available at b
oo At Described by Lindblad and Kraus-Operator models with a decoherence parameter
o 4 0.0 05 10 15 2.0 25 3.0
h I g h e r b e a m e n e rg I e S at1=ps x10! Most recent: Alok et al, arXiv:2402.02470v2 [hep-ph], April 2024
[ ]

* Generic Quantum Information )= >
teStSI despite |OOphOIeS- K Belle (Phys. Rev. D81, 112003 (2010):

Dominated by B*

B, is faster than B,

B* -> B°y should destroy entanglement (?)

Quantum tests with Tau

mesons, proposed in
arXiv:2311.17555

Should be sufficient for a check

M,. (GeVic?)

New master & bachelor student

* We welcome new ideas from R e
oav Afi niversity of Chicago

703 02 01 0 01 02

theorist, please get in touch. A
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[ ER Raw Data
—— ERFWHM =47.1 = 1.6 um
250 1 IR Raw Data
—— IR FWHM = 28.6 + 0.7 um

= o, 147 um 10.1 um 17.9 um
5= o, effective - 249 pm 249 pm
100 4 o’ ~1 pm 48 nm 223 nm

y
*
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- * -
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[ ER Raw Data [ ER Raw Data
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. . . % % 3 i 80 IR Raw Data IR Raw Data
su perKEK B Figure 8: Decay vertex accuracy distributions with best fit Lorentzian for signal decays — Ro=138+03um — Ro=198 004 m
(left) and generic decays overlaid with signal decays (right) along each coordinate axis of " s
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e b N ol 0 aYal= o depende a to exclusive reconstruction B mesons, and “IR” refers to inclusive reconstruction B mesons.
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B-factories as Quantum Laboratories Y(45)

7 GeV 4 GeV
* At B factories, high statistics (>1 Bn) of cleanly e e+

produced B meson pairs
« ete” > Y(4S) > BB, B*B~
* Neutral B mesons

e Undergo flavor oscillations
* Flavors of neutral B mesons in pair: quantum-entangled

[
o

—
L

—

A
Ay,
'} . qo . ‘,‘!m., .

. . Y(1S) Y(2S) Y(3S)
* Decay_tl me_d Iffe rence (At) + ﬂavor measurements 044 046 10001002 1034 1037 1054 10.58 10.62

enable precise probes of EW interaction Mass (GeVi/c’
e Most analyses assume perfect entanglement / coherence

=)
a
Z
g
g
s
T
‘v
L
o

LN

We plan to experimentally probe this entanglement, Y(4s)

e.g. by searching for quantum decoherence in the BYB° system
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CERNCOURIER

22 August 2021

[ [ ]
SuperKEKB Luminosity
=7

Ran Belle Il and SuperKEKB through the global pandemic.

Broke many accelerator world records for luminosity.

g
* Goal: 50ab™ integrated (>50Bn BB)

On 22 June, the SuperKEKB accelerator at the KEK laboratory in Tsukuba, Japan set a

new world record for peak luminosity, reaching 3.1 x 1034 cm™2 s~ in the Belle II

o Operati n g Si nce 2018 detector. Until last year, the luminosity record stood at 2.1 x 1034 cm™ s, shared by the
* Lyeak= 4.7 x 103%/cm?/sec =5

* This is 3.9 x PEP-Il at SLAC
* More than 2 x KEKB

* But still a long way to go!

otal integrated luminosity [fb~1]
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Luminosity Plan

| peak(Taraet) | Belle integrated 1 ab-l, Belle IT will
integrate 50 ab! or more.

-2

e It L[aD-1)

Just

completed

Long Long
Shutdown 1 Shutdown 2
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o
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o
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Current

!oeam spot * About one order of magnitude from design instantaneous luminosity
is 200nm e About two orders of magnitude from goal integrated luminosity
high.
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Belle = Belle Il upgrade

Vertexing: new 2 layers of pixels, upgraded 4 double-
sided layers of silicon strips

Tracking: drift chamber with smaller cells, longer
lever arm, faster electronics

PID: new time-of-propagation (barrel) and proximity
focusing aerogel (endcap) Cherenkov detectors

EM calorimetry: upgrade of electronics and

processing with legacy CsI(Tl) crystals

K; and u: scintillators replace RPCs (endcap and

. Belle IT
inner two layers of barrel)

Upgraded Belle Il vertex detector benefits decay-time measurements.

Spring 2024 run was first with complete pixel detector.
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Questions that arose at this workshop

How would the figure on the right look for time-
dependent flavor correlations in Y (4S) > B°B0 ?

Spin-Correlation

The short By meson life-time compared to mixing

frequency seems to prevent establishing Bell PP rcicment R

" Steering \_\

non-locality.
 How about Steering, Discord?

Separability ' Non-separability

How to best quantify the non-separable
properties for Y(4S) > B9B0 ?

Does the Belle Il sensitivity to time dependence
open up any new possibilities, compared to spin
correlations?

Yoav Afik (University of Chicago)
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ArKiv: 2108'01§12'elc6lse measurement of the D° and D7 lifetimes at Belle II

F. Abudinén,?! I. Adachi,?"!® K. Adamczyk 66 I,. Aggarwal,”® H. Ahmed,”® H. Aihara,''? N. Akopov,?

acan % V. Aushev8 V. Babu!'l S, Bacher.®® H. B

Results

* Proper time resolution at Belle II is a factor of
2 better than Belle and BaBar due to better
vertexing
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arXiv:2402.17260 (hep-ex)

[Submitted on 27 Feb 2024]

A new graph-neural-network flavor tagger for
Belle Il and measurement of sin 2¢; in

B’ - J/\|1KSO decays

Belle Il (Prefiminary) Y 8% on) Belle Ii (Preliminary) T 5% on

Jese=a620t Q) oo s Jedt=362 10
00<r<01 ) 01<r<025
/

?OA et
f

T Pae T T T ey + where the first uncertainty is statistical and the second is
T emen T A voman . systematic. For comparison, using the same data, we de-

| / \ termine e¢,, = (31.68+0.45) % for the Belle II category-
//\ based flavor taggerﬂ The GFlaT algorithm thus has an

S 18% better effective tagging efficiency.
“\'\L/ '

-1 -1
100 75 50 25 00 25 50 75 1 100 75 50 25 00 25 50 75 100
At [ps] At lps]

Belle Il preliminary det =362 fb~! data and determine an effective tagging efficiency of

Candidates / (0.5 ps)

i . Etag = (37.40 £ 0.43 + 0.36)%, (8)

025 <r <045 045<r<06

Candidates / (0.5 ps)
Candidates / (0.5 ps)

fesese2m " p L G e Je=3e27 P\ ) e
\ i ‘

\

Candidates / (0.5 ps)
Candidates / (0.5 ps)

1
100 75 50 25 00 25 50 75 100
At [ps]

1 1
Belle If (Prefiminary) + 8B (on

g;‘:‘:ji")’o‘ ’f’\ t 890+ 55 (sP) . . 0.4 0.6 0.8 1.0
r=|qreriatl

I A

Figure 6. Dilution factors 1 — 2w of B® — D™ ~n" as func-
B R tions of their GFlaT predictions, r for Btoag, 1—2w— Aw, and

E&g, 1 — 2w + Aw; the dashed line shows r = 1 — 2w.

Figure 4. Background-subtracted At distributions of B® — D™~z reconstructed in data in each of the seven r inter-
vals (points) and the best-fit ions (lines) for opposite- and like-flavor B pairs with the corresponding asymmetries.
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Hidden variable theories

* Hidden variable theories are attempts * Most likely answer: no for BYB® mixing
to explain non-intuitive QM effects, e See for detailed discussion
such as entanglement, with . —

.. . . With hypothetical active flavor measurement, could a Bell test be performed?
deterministic and/or local theories B ——
.. @ crucial parameter x; = Amy /T 4:
* Bell-test: statistical test that can rule rate of oscillation relative to decay
out local deterministic alternative  beliesiimposSigeitri s
. 5 system X
descriptions to QM BB 077
. K°/K° 0.95
e Can Belle (Il) perform Bell-tests? This D°/D° <003

BO/BY ~ 26

guestions has a fraught history!
* May still be possible in Tau-pair events or B

decays; e.g. arXiv 2305.04982 claims
Bell inequality is violated in BY — J /1) K*(892)°

If Bell-test impossible, instead fit specific hidden variable models to data
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