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実験形而上学（Experimental Metaphysics）
- 科学哲学者・物理学者A. Shimonyの造語（1989）


- 指導教官：R. Carnap, E. Wigner


- 主に量子力学の基礎的な問題に実験でアプローチする分野

- Einstein, Podolsky, Rosen（EPR）のパラドックス

- ベル不等式とその実験的検証　　など


- 主な実験系は低エネルギー系

- フォトン

- 原子分子

- イオン　など

- 本トークでのtake-home message

- 高エネルギー系でも実験形而上学が行える見込みがありそう

- 特にLHCのATLAS実験は実施に有望な実験系である
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- 2準位2体系の測定実験

- 相関関数を以下で記述できると仮定


- 測定軸を自由に選択して相関関数の組み合わせを計算


- ベル不等式

本トークのターゲット：ベル不等式
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隠れた変数（系の実在的な記述）の確率分布

局所的情報のみから測定値が決定



- シングレット状態：


- オブザーバブル：


- 相関関数：


- ベル不等式の破れ　⇨　量子力学は実在性・局所性・自由選択を同時には満足しない　

量子力学はベル不等式を破る
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スピン測定とフレーバー測定のアナロジー
- メソンペア（BB, KK etc）のフレーバーを用いたベル不等式検証


- 【意義１】既存の実験と異なる物理系での実験

- 【意義２】ベル不等式を検証したエネルギースケールが拡大


- 【実装のアイデア】スピン測定とフレーバー測定のアナロジー

- スピンのアップダウンをフレーバーに、測定軸を崩壊時刻に読み替える


Am. J. Phys. 69, 264 (2001)
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Simulation study
11

• The simulation was performed for truth level study with PYTHIA8.245.

• The low-μ (μ~1) operation with 1 fb-1 of data was assumed.

• The sensitivity to Bell inequality violation was evaluated with 
𝐵0 ത𝐵0 events from 「gg/qq→𝑏ത𝑏」(69μb) and 「gg/qq→jj」(319μb).

• 「𝐵0→ 𝐷∗−μ+ν (𝐷∗−→ 𝐷0π−, 𝐷0→ 𝐾+ π−)」 events were selected.

➢ B meson flavor can be identified with charge sign of decay objects.

➢ The decay time (𝑡𝑎, 𝑡𝑏) can be measured, reconstructing vertex with 
μ+ and π− from 𝐷∗− decay (σ𝑡~0.11 ps)
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アナロジーの不完全な部分

1. 粒子崩壊で状態ベクトルのノルム収縮　⇨　相関が弱まる                                        

2. 測定軸が固定　⇨　Freewill loophole
• 本当に隠れた変数に依存せず、ランダムに測定軸を選べるか

• 慣習的に量子乱数を用いることで対処
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PLA 332, 355 (2004)
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• The simulation was performed for truth level study with PYTHIA8.245.

• The low-μ (μ~1) operation with 1 fb-1 of data was assumed.

• The sensitivity to Bell inequality violation was evaluated with 
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• 「𝐵0→ 𝐷∗−μ+ν (𝐷∗−→ 𝐷0π−, 𝐷0→ 𝐾+ π−)」 events were selected.

➢ B meson flavor can be identified with charge sign of decay objects.

➢ The decay time (𝑡𝑎, 𝑡𝑏) can be measured, reconstructing vertex with 
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3つのloophole

- 3つの抜け穴（loophole）を閉じた実験が望ましい


1. Detection loophole 
• 低い検出効率　⇨　サンプリングの偏り　⇨　 ベル不等式の上限が増加（＞2）


• 検出効率の下限 =             PRA 57, 3304 (1998)

• 検出効率が下限より低い場合　⇨　fair sampling assumption　を課して対処　


2. Locality loophole 
• 局所性を実験的に担保しないと意味のある実験にならない

• 部分系の測定をspacelikeな２地点で行うことで対処


3. Freewill loophole 
• 本当に隠れた変数に依存せず、ランダムに測定軸を選べるか

• 慣習的に量子乱数を用いることで対処

2 2 − 2 ≈ 0.824
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論点は4つ

- LHC Run 3の実験セットアップを仮定して以下の方法で検証

- 理論分析 

- CPの破れは無視

- シミュレーション 

- 使用ソフトウェア：PYTHIA 8.245

- ビーム衝突あたりの陽子・陽子反応数が約1の運転(low-μ run)

- 1fb^{-1}のデータを取得

1. 粒子崩壊による相関の弱まり

2. Freewill loophole

3. Detection loophole

4. Locality loophole
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【参考】既存の素粒子を用いた実験の問題点

Previous experiments
9 [PLA373 (2008) 39-44]

• A measurement only for Δt, where 
(𝑡𝑎, 𝑡𝑏) was not measured separately.

• 𝑆 has the maximum value of 4 and 
includes that of QM.

A measurement only for 𝐶𝑄 𝑡𝑎, 𝑡𝑏 and 
is not Bell test.

Most of 2 mesons are not space-like and 
the locality is not ensured.

B meson (Belle) [arXiv:0310192 (2003)] 

K meson (CPLEAR) [PLB422, 339-348] 

Both experiments

|S| in QM and HVT only with Δt
measurement

QM

HVT

Fraction of space-like events of 
2 B mesons in Belle

Lower limit for |S|≦𝟐 𝟐

Belle

The previous experiments were not enough 
for Bell test on the flavor entanglement.

ΔMΔt

|S|

9
- ATLASは個々の崩壊時刻を特定できるため、上記問題は解決できている



検討１：粒子崩壊による相関の弱まり
- 【回答】崩壊時刻に関する条件付き確率を使って相関関数を再定義することで補正


- 【量子力学側】Am. J. Phys. 69, 264 (2001) & PRD 104, 056004 (2021)

- 時刻　　　でフレーバーが　　　  である確率


- 条件付き確率


- 【隠れた変数側】PLA 373, 39 (2008) & PRD 104, 056004 (2021)

- スピン測定とフレーバー測定のアナロジーが成立　⇨　ベル不等式は導出可

- アナロジーが不成立　⇨　仮定を追加すればベル不等式は導出可

Simulation study
11

• The simulation was performed for truth level study with PYTHIA8.245.

• The low-μ (μ~1) operation with 1 fb-1 of data was assumed.

• The sensitivity to Bell inequality violation was evaluated with 
𝐵0 ത𝐵0 events from 「gg/qq→𝑏ത𝑏」(69μb) and 「gg/qq→jj」(319μb).

• 「𝐵0→ 𝐷∗−μ+ν (𝐷∗−→ 𝐷0π−, 𝐷0→ 𝐾+ π−)」 events were selected.

➢ B meson flavor can be identified with charge sign of decay objects.

➢ The decay time (𝑡𝑎, 𝑡𝑏) can be measured, reconstructing vertex with 
μ+ and π− from 𝐷∗− decay (σ𝑡~0.11 ps)
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検討２：Freewill loophole
- 【回答】既存の実験の慣習に従う


- 既存の実験の慣習：量子乱数を用いて測定軸選択

- 粒子崩壊：量子力学的なランダムな現象　⇨　慣習に合致


- 【メリット】スピン測定とフレーバー測定のアナロジーがランダム性を含めて成立

PRD 104, 056004 (2021)
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➢ The decay time (𝑡𝑎, 𝑡𝑏) can be measured, reconstructing vertex with 
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検討３：Detection loophole

- 【回答】検出効率2%　⇨　fair sampling assumptionを課して対処

- （検出効率）＝（イベント再構成効率）×（トリガー効率）×（イベント選択効率）

Event selection
13

Selection criteria (ε𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑜𝑛) Total eff. Comment
pT > 1 GeV for π+/𝐾− in 𝐷0 candidates 0.510
pT > 250 MeV for π+ from 𝐷∗+ 0.452
• |m(𝐾−π+) – m(𝐷0)| < 64 MeV (pT(𝐾−π+
π+) > 12 GeV, |η(𝐾−π+ π+)| > 1.3)

• |m(𝐾−π+) – m(𝐷0)| < 40 MeV elsewhere

0.209 Assume σ2 cut (0.46)

2.5 GeV < m(𝐷∗+μ−) < 5.4 GeV 0.097 Assume σ2 cut (0.46)

Efficiency Comment
Track reconstruction (ε𝑟𝑒𝑐𝑜) 0.483 From 「𝐷∗+μ−X」 analysis
Trigger (ε𝑡𝑟𝑖𝑔𝑔𝑒𝑟) 0.429 (0.819 × 0.8)2 was assumed.

• 0.819 is efficiency for single-μ 
trigger with pT>6GeV.

ε𝑡𝑜𝑡𝑎𝑙 (ε𝑟𝑒𝑐𝑜×ε𝑡𝑟𝑖𝑔𝑔𝑒𝑟×ε𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑜𝑛) = 0.020 

(σ × 𝐴) × ε𝑡𝑜𝑡𝑎𝑙 × L(pb−1)=7.4L(pb−1) events→ 7.4k events with 1fb-1.

PRD 104, 056004 (2021)
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検討４：Locality loophole
- 【回答】ATLASではLocality loopholeは閉じている

As the acceptance cut, the existence of two muons with
pT being above 4 GeVand pseudorapidity jηj below 2.4 are
required. In addition, the requirement on two D!" mesons
with pT > 2.25 GeV and jηj < 2.5 were applied. With
these cuts, the acceptance A and cross section times
acceptance σ × A become 1.49 × 10−3 and 369 pb, respec-
tively, for the signal events.
Summing up, the number of the signal events left after

the acceptance and selection cuts can be evaluated as
ðσ × AÞ × ϵ × L ¼ 7.4L, where L is an integrated lumi-
nosity in unit of pb−1. With this formula, by assuming
L ¼ 1 × 103 pb−1, we obtained the expected number of the
signal events 7.4 × 103.

D. Background estimation

We have considered two possible sources of the back-
ground on our analysis. First, two neutral B mesons can be
created from different gluons and they may contribute as
irreducible background. Our simulation showed that such
background is less than 0.1% with respect to the signal and,
therefore, negligible.
The other possible background is the combinatorial

background that is caused by misreconstructed signals
with particles from different origins. In measurements of
decays to D!þμ−X final states in the ATLAS experiment
[37], the background contamination is 6.8" 0.26%, where
that of the combinatorial backgrounds is 6.2%. One of such
backgrounds is the misidentification of the two decay
modes D!þ from c → D!þX and μ− from c̄ → μ−X0,
and those from b → D!þμ−X.
In our analysis, we applied the cuts, which are the same

as [37] except for the pT thresholds of 4 GeVand 2.25 GeV
instead of 6 GeV and 4.5 GeV for muon and D!",
respectively. Our analysis assumes approximately one
pp interaction per beam bunch crossing, whereas that is
above two for most of the period during which data for [37]
were collected (between August 2010 and October 2010)
[38]. In addition, the selection cuts are applied to two
neutral B mesons instead of one. For those reasons, the
background contamination is expected to be smaller than
6.8% in our measurement. Only the simulated signal events
are used in our analysis, and the backgrounds are con-
servatively considered as systematic uncertainty as
described in Sec. III E.

E. Analysis results

In our simulation we examined two issues. One is
whether the locality condition is satisfied with the events
detected by the ATLAS detector. The other is how much the
Bell inequality violates, with statistical and systematic
errors considered.
Figure 2 shows the distributions of the squared proper

distance s2 ¼ −c2Δt2 þ ΔL2 of the B0B̄0 decay events
before and after the acceptance and selection cuts. Most of

the events are spacelike (s2 > 0) even without any cuts, and
more than 99% events are spacelike after the cuts. The
locality condition is thus perfectly satisfied in our analysis.
The quantum correlation CQðt1; t2Þ can be calculated

from the experimental data by using the following formula,

CQðt1; t2Þ ¼
P

A;BABN
Q
t1;t2ðA; BÞP

A;BN
Q
t1;t2ðA;BÞ

; ð22Þ

where NQ
t1;t2ðA; BÞ (A, B are 1 for B0 and −1 for B̄0) is the

number of the events that two neutral B mesons decay into
the flavor A at t1 and B at t2, respectively. SQðΔtÞ in
Eq. (20) is calculated from the CQðt1; t2Þ distribution under
the configuration (19).
Figure 3 shows jSQðjΔtjÞj after the acceptance and

selection cuts in the case of QM. As the statistical error,
only that of the signal is taken into account, since the
contribution from the background is negligible as discussed
in Sec. III D.
We evaluated the systematic error, by considering the

worst case where the backgrounds contaminate only oneΔt
bin in CQðt1; t2Þ. Since the combinatorial backgrounds are
the main source and should contribute equally to B0 and B̄0,
it is assumed that the same fraction (50%) of the back-
grounds contaminates the same (NQ

t1;t2ðA; BÞ for B0B0 or
B̄0B̄0) and opposite flavors of two neutral B mesons
(NQ

t1;t2ðA;BÞ for B0B̄0 or B̄0B0). The amount of the back-
grounds is assumed as 0.26% which is assigned as the
systematic error on the background contamination in [37].
This systematic error is the largest contribution to the
shift from jSQðjΔtjÞj in this treatment. In addition, the

FIG. 2. Distributions of the squared proper distances s2 of the
B0B̄0 decay events before and after the acceptance and selection
cuts. The events are spacelike when s2 > 0.
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Spacelike
a, b performed by some random number generator (RNG)
as a result of free will. By the same token, one may accept
the choice of t1, t2 performed by the particles in their
random decays as an act of free will, given that such
random decays have actually been utilized as a source of
quantum RNG [11,12,18,25–27].
To elaborate this idea a little more, we recall the fact that

in our experiment the target system of measurement is the
flavor subspace which is a part of the entire space of
freedoms possessed by the B meson. On the other hand,
the decay times of theBmeson are governed and determined
quantum mechanically by a separate part of the system,
which may be regarded as a quantum RNG equipped with
the particleworking independently from the flavor part. This
picture then allows us to put our experiment on a par with
preceding Bell tests as far as the free-will (or freedom of
choice) loophole is concerned. This viewpoint has appa-
rently been adopted in the earlier analysis of the Belle
experiment [33], but we shall also mention in the Appendix
an alternative argument to retain the formal structure of the
Bell inequality referring to earlier works [23].

C. Note on experiments and loopholes

The ATLAS experiment can measure the decay times t1,
t2 of the B-meson pair (7) independently, which enables us
to evaluate the correlation according to Eq. (16) and
thereby obtain the Bell inequality jSðΔtÞj ≤ 2 for the
combination (19). This is a crucial advantage over the
Belle experiment where we measure the events only
through their difference Δt in the decay times, resulting
in the increase in the upper bound of the Bell inequality,
making the Bell test difficult accordingly [23].
Given this prospect, we nowwish to address, in addition to

the free-will loophole we have just mentioned, two other
major loopholes [11,12,18] that may hamper the Bell test
with the ATLAS experiment. One is the efficiency loophole,
which is based on concerns that a certain proportion of
unobserved events may enable LRT to exceed the upper
boundof theBell inequality (13),which canbe excludedonly
if the detection efficiency is greater than 2

ffiffiffi
2

p
− 2 ≈ 82.8%

[29,30]. If not, we are basically forced to make the fair
sampling assumption [28] that the detection probability is
independent of the measurement setups a, b. The combina-
tion of the correlations (14) evaluated from the actually
observed events is then assured to be identical with that
evaluated from the total events including unobserved ones,
and this ensures that the experimental violation of the Bell
inequality implies incompatibility of the assumptions EPR
made. Unfortunately, with the ATLAS experiment, the
detection efficiency is only 2.0% as shown in Sec. III C
due to the loss in event selection processes. This implies that
we need to make the fair sampling assumption that the
probability of the detection of the decay is independent of the
decay times t1, t2, which looks fairly reasonable and has
certainly been the case in usualmeasurements of decay times.

The other loophole is the locality loophole [28], which is
based on concerns as to whether the experimental setups
guarantee the locality assumption; if the actual measure-
ment configuration allows the measurement setup a or
outcome A to affect b or B, the locality assumption
no longer holds, invalidating the direct link between
the experimental violation of the Bell inequality and the
incompatibility of the assumptions. On account of the RNG
embedded in the B meson, and also due to the purely
quantum nature of the decay, the operating time of the RNG
is interpreted as the duration of the decay itself, which is of
the order assigned to typical weak interactions. Besides, as
we shall see in Sec. III E, it is possible to select the decay
events occurring in the ATLAS detector so that the pair is
mostly spacelike separated (see Fig. 1). This indicates that
the locality loophole can be closed virtually with the
ATLAS experiment.

III. FEASIBILITY STUDY

A. Outline

The ATLAS experiment is performed at the CERN LHC
in order to study phenomena in proton-proton (pp) and
heavy-ion collisions. The ATLAS detector [34], which is

FIG. 1. Minkowski diagrams for the spacetime events related to
the decay of a pair of B mesons considered for the Bell test. After
the pp collision emerge a pair of B mesons, which subsequently
decay at t2 (or t02) in the region (A) and at t1 (or t01) in the region
(B). The red and blue solid lines depict the actual spacetime
trajectories (world lines) of the respective B mesons, while the
shaded zones depict the forward light cones of the activated times
of the RNG embedded in the B mesons in the first two decays.
The flavor measurements, which are to be performed simulta-
neously with the RNG within a typical short period of time
allocated for weak interactions colored in green, are completed
retroactively after the decay modes are determined by identifying
the decayed particles. For the combination of the correlations
SðΔtÞ used for the Bell test, the locality condition requires that
the final measurement at t02 be completed before the information
of the first measurement at t01 reaches. Our simulation indicates
that this condition can be fulfilled with the ATLAS experiment.
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Simulation study
11

• The simulation was performed for truth level study with PYTHIA8.245.

• The low-μ (μ~1) operation with 1 fb-1 of data was assumed.

• The sensitivity to Bell inequality violation was evaluated with 
𝐵0 ത𝐵0 events from 「gg/qq→𝑏ത𝑏」(69μb) and 「gg/qq→jj」(319μb).

• 「𝐵0→ 𝐷∗−μ+ν (𝐷∗−→ 𝐷0π−, 𝐷0→ 𝐾+ π−)」 events were selected.

➢ B meson flavor can be identified with charge sign of decay objects.

➢ The decay time (𝑡𝑎, 𝑡𝑏) can be measured, reconstructing vertex with 
μ+ and π− from 𝐷∗− decay (σ𝑡~0.11 ps)
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systematic error originated from Δt resolution, 0.16
(0.11 ×

ffiffiffi
2

p
) ps, is taken into account.

The significant excess from the upper bound
of the Bell inequality (13) is obtained with jSQðjΔtjÞj ¼
2.89$ 0.17ðstat:Þþ0.06

−0.13ðsyst:Þ, where Δt ¼ 1.5$ 0.25 ps.
In the systematic error, the contribution from the back-
grounds is ð−0.11;þ0Þ and that from Δt resolution is
$0.06. This result demonstrates that the flavor entangle-
ment detection using the Bell inequality—or the Bell test
with the flavor entanglement—is feasible in the ATLAS
experiment.

IV. CONCLUSION AND DISCUSSIONS

The Bell inequality is a principal touchstone of testing
the local realism posited by Einstein at the time of the
formation of quantum theory. As the history shows,
violations of the Bell inequality have been found time
and time again, which reject the local realism with the
measured systems of photons, electrons, or nucleons at low
energies. Extending to systems with higher energies will be
important for establishing the nonlocal nature universally,
and here we present a simulation study on the feasibility of
the Bell test by means of flavor entanglement of a pair of B
mesons in the ATLAS experiment at CERN. Our simu-
lation resulted in the affirmative; we will find the maximal
violation of the Bell inequality at the time difference Δt ≈
1.5 ps in the decays of the two entangled B mesons,
rejecting yet again the local realism at the highest ever
energy scale, 14 TeV.
This will be the first case of violation of the Bell

inequality in the community of particle physics experi-
ments, given that the earlier analysis with the Belle

experiment [21] was found to be inconclusive, due pri-
marily to the lack of selection process of spacelike events
and that of the independent identification of the decay
times. The former leads to the locality loophole, whereas
the latter results in the increase of the upper bound of the
Bell inequality [23]. Furthermore, the experiment [39]
using the neutral K meson pairs are not the Bell test,
because it measures not SQðΔtÞ, but the correlation
function CQðt1; t2Þ where jt1 − t2j ¼ Δt.
In contrast, the ATLAS experiment admits independent

measurements of the decay times, allowing for the selection
process to completely close the locality loophole in the Bell
test. The remaining issue, from the viewpoint of the
standard Bell test, is the efficiency loophole, and at the
moment we need to rely on the fair sampling assumption
for it. In this respect, improvement of detection efficiency is
a desideratum, either through increase in the available
decay modes or enhancement of the signal selection
processing.
As a technical remark, in this simulation study, we have

assumed pT above 4 GeV, while the minimum pT threshold
of the dimuon trigger used in normal physics data taking in
the ATLAS Run 2 operation was 13 GeV. Thus, the
feasibility of reducing the threshold to ∼4 GeV in low-μ
operation has to be studied further in the experiment. Even
in the case that pT threshold has to be set higher, it would
not be an issue for the measurement, if we take the data
more than 1 fb−1, which was assumed in Sec. III.
Despite these remaining issues, it seems almost certain

that the ATLAS experiment offers a promising venue for
the Bell test in the high-energy domains with entanglement
of much heavier particles, and this will open up a new arena
for experimental studies of quantum foundations hitherto
unexplored.
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APPENDIX: BELL INEQUALITY WITH
STOCHASTIC PARAMETERS WITHOUT

FREE WILL

Here, we outline the argument that can still lead to the
Bell inequality formally without using the analogy between
the parameters t1, t2 and a, b (for details, see [23]).
Assume that t1, t2 are the parameters characterizing the

state of the B-meson pair and independent of the hidden
variables λ but not determined by the free will of the
experimenter. For the sake of distinction and also for our
convenience, below we employ the more standard notation

FIG. 3. jSQðjΔtjÞj after the acceptance and selection cuts in the
case of QM with the theory line. The dotted line at jSðjΔtjÞj ¼ 2
shows the upper bound of the Bell inequality.
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- LHC Run 3でATLAS検出器を
使えば、ベル不等式の破れは
検証できる 

- 3つのloopholeのうち、freewill 
loopholeとlocality loopholeを閉
じた実験


- 最高エネルギースケールでの
実験（～14TeV）


- 素粒子実験で最初のベル不等
式検証実験
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