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Open questions of quantum mechanics

- Interpretation of undeterministicity

- Description of measurement

- Non-locality

Introduction

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

   of particle-1 with no timing delay

 - 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

S = |E(a, b) + E(a,d) + E(c, b)� E(c,d)|  2

Any local & deterministic theory must follow  

Bell’s theorem (1964)

(CHSH-1974 type.)  

a

particle 1

a, c

b,dparticle 2

No

A, (B): measured value of spin 1 (2)

            with the measurement axis being  a (b)

            when 2 meas. are in a space-like timing

E(a, b) := hABi
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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

Classical limit:  SC<=2

   S>2 ⇒ exclusion of local reality

Quantum limit: SQ<=2√2 

   - local QM: S<=2     

  ⇒ Inclusive non-locality test

S = |E(a, b) + E(a,d) + E(c, b)� E(c,d)|  2

Any local & deterministic theory must follow  

Bell’s theorem (1964)

(CHSH-1974 type.)  

No

a

particle 1

a, c

b,dparticle 2

e.g. SG instrument

415年6月28日日曜日



Analysis through Bell’s inequality

contains only directly available detection events related to the ordinary
beams of Alice and Bob. Remarkably, this implies that Alice and Bob
each need only one detector to test Eberhard’s inequality, whereas they
each require two detectors for testing a Clauser–Horne–Shimony–
Holt inequality. This characteristic can be intuitively understood:
consider detectors that monitor ‘e’ outcomes and whose detection
efficiencies decrease gradually to zero. This will just move events from
‘e’ to ‘u’: that is, from noe(a1, b2) to nou(a1, b2) and from neo(a2, b1) to
nuo(a2, b1). Only their sum appears in Eberhard’s inequality, so the
value of J does not change.

The entangled photon pairs at 810 nm are produced in a Sagnac
source5,28 pumped by a 405-nm-wavelength laser. The source is based
on type-II spontaneous parametric down-conversion using a non-
linear crystal (periodically poled potassium titanyl phosphate). In each
arm, a cut-off filter and a 3-nm interference filter with near 99%
transmission are used to suppress counts from the pump laser and
reduce the background counts. The source can be tuned to produce
non-maximally entangled states with the form expressed by equation
(2) for any r by setting the polarization of the pump light with half- and
quarter-wave plates.

The measurement set-up (see Fig. 2), containing a rotatable half-
wave plate in a high-precision rotation mount and a calcite polarizer, is
positioned in front of the fibre coupler on both Alice’s and Bob’s sides
to facilitate measurement of the desired polarization (a and b). The
measurements require only one output of the polarizer, so only the
transmitted ordinary beam of the polarizer is coupled into the fibre;
the extraordinary beam is blocked after transmission. We couple the
810-nm photons into an optical fibre (SMF-28), which guides the
photons to the sensitive areas of the detectors. To achieve a high
coupling efficiency in both arms, we optimized the focusing of the
pump laser and the fibre couplers.

To achieve highly efficient photon detection, we used TES calori-
metric detectors that owe their sensitivity to operation at the super-
conducting transition, a regime characterized by a steep dependence
of resistance on temperature7. By exploiting a wavelength-optimized
optical structure, these detectors have been reported to demonstrate
detection efficiencies of up to 98% (including losses from packaging
and fibre coupling)6,7. Superconducting quantum interference devices

(SQUIDs)29 amplify the nanoampere-level TES current signal, which is
subsequently digitized and stored for later analysis. Without requiring
any additional information about the data, algorithms identify photon
signatures in the analogue output signal, determine an arrival time for
each event, and count two-photon coincidences.

As a guide for the experimental settings needed to observe a viola-
tion of local realism, we used numerical simulations and optimization
to determine an optimal non-maximally entangled state. For input, the
model used the estimated background rate, the observed visibility, and
the overall efficiencies gA and gB on Alice’s and Bob’s sides. The model
estimated a value for r but also appropriate measurement settings a1, a2

on Alice’s side and b1, b2 on Bob’s side.
We set the state with a value of ,0.3 for r and measured for a total of

300 s per setting at each of the four settings a1b1, a1b2, a2b1 and a2b2,
where a1 5 85.6u, a2 5 118.0u, b1 5 25.4u and b2 5 25.9u. The rele-
vant single and coincidence counts obtained appear in Table 1 and
yield J 5 2126,715.

After recording for a total of 300 s per setting we divided our data
into 10-s blocks and calculated the standard deviation of the resulting
30 different J values. This yielded s 5 1,837 for our aggregate J value of
J 5 2126,715, a 69-s violation (see Fig. 3). Note that this calculation
does not assume Poisson counting statistics or any error propagation
rules. We estimate the number of produced pairs to N 5 24.2 3 106 per
applied setting, yielding a normalized violation of J/N 5 –0.00524
(60.00008).

Under the assumptions of locality and freedom of choice, a negative
J value refutes local realism without the fair-sampling assumption or
post-selection on created pairs, regardless of the states and angles used
for the measurement or any error in their implementation. Nonetheless,
additional measurements can provide further insight into the obtained
value. The directly measured arm efficiencies (each a ratio of observed
coincidence and singles counts without any correction) measured in the
HV-basis were gA 5 73.77% (60.07%) in Alice’s arm and gB 5 78.59%
(60.08%) in Bob’s arm. We attribute these imperfect coupling effi-
ciencies to various possibly arm-dependent effects including optical
losses in the source, coupling, fibre splices, and detectors. We estimate
our r value and visibility to be about 0.297 and 97.5%, respectively.
Using these values, our numerical model (used for the abovementioned
optimization) agrees very well with our measured J value.

Using photons, we have demonstrated an experimental Bell in-
equality violation that closes the fair-sampling loophole. Without
relying on any assumed error distribution, we statistically verify a
violation of Eberhard’s inequality by nearly 70 standard deviations
and thus clearly demonstrate the necessity of abandoning all local
realistic theories that take advantage of unfair sampling to explain
the observed values. Moreover, because the derivation of Eberhard’s
Bell inequality even includes events not detected on either side, no post-
selection is necessary to violate the inequality. To achieve a loophole-
free Bell test as described above, it will be necessary to introduce
space-like separation sufficient to prohibit unwanted communication
between Alice, Bob, the measurement decisions, and the photon emis-
sion event. This will require fast random-number generators, precise
timing, and efficiency gains to offset the propagation losses introduced
by the increased distance. We do not find this unreasonable.

Received 31 December 2012; accepted 13 February 2013.
Published online 14 April 2013.

1. Einstein, A., Podolsky, B. & Rosen, N. Can quantum-mechanical description of
physical reality be considered complete? Phys. Rev. 47, 777–780 (1935).

2. Bell, J. S. On the Einstein Podolsky Rosen paradox. Physics 1, 195 (1964).
3. Pearle, P. M. Hidden-variable example based upon data rejection. Phys. Rev. D 2,

1418–1425 (1970).
4. Eberhard, P. H. Background level and counter efficiencies required for a loophole-

free Einstein-Podolsky-Rosen experiment. Phys. Rev. A 47, 747–750 (1993).
5. Fedrizzi, A., Herbst, T., Poppe, A., Jennewein, T. & Zeilinger, A. A wavelength-

tunable, fiber-coupled source of narrowband entangled photons. Opt. Express 15,
15377–15386 (2007).

Table 1 | Measurement results and J value for a total measurement
time of 300 s per setting
Coo(a1, b1) So

A(a1) Coo(a1, b2) So
B(b1) Coo(a2, b1) Coo(a2, b2) J

1,069,306
(2)

1,522,865
(1)

1,152,595
(2)

1,693,718
(1)

1,191,146
(2)

69,749
(1)

–126,715

Without background subtraction, the Eberhard J value can be calculated from the measured data
according to equation (4). (2) values contribute beneficially to a negative J value (making it more
negative). (1) values contribute detrimentally to a negative J value (making it less negative).
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Figure 3 | Eberhard J value computed from up to five measurements of
recorded data. Any negative J value violates the inequality and refutes all local
realistic models that exploit the fair-sampling loophole. Error bars represent
61 standard deviation calculated from the binned raw data.
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 (Eberhard type ineq.) S ≥0

Giustina et. al. (2013)

Optical experiments（1969~today）

• Entangled photon pair + polarimeter

　Consistent with QM

• Huge statistics, sensitivity (10σ ~ 279σ )

What’s still interesting?

■ Test in more general regime / diverse systems

   check if the features are universal

  e.g. high energy scale, relativistic systems

⇒ high E collier exp.!

■ Non-optical experiment: O(100)

⇒ more adaptable method  

less assumptions

GeV QMeVeV

Proton pair (direct spin meas.)

Lamehi-Rachti et. al. (1972)

H.Sakai et. al. (2003)

K0K0/B0B0 oscillation

CPLEAR (1999)

Belle (2007)

optical exp.

rigidness 
& significance

TeV

Ions (direct spin meas.)

Rowe et. al. (2001)
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■ Spin analyser

■ Entangled state

■ Bell’s inequality 

Necessary components for the test
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Spin analyser

“polarimeter decay”

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

⇒ measure the spins though angular 

     distribution of final state particles
α

Λ→pπ -0.642±0.013

Λ→nπ0 -0.648±0.045

Σ+→pπ0 -0.98±0.016

τ→lνν 0.33

τ→πν 1

τ→ρν 0.46

2.1.2 Weak Decay as Polarizer

残念なことにコライダーで粒子のスピンを直接測定することは技術的にほぼ不可能であるが, 一方で我々の
世の中はなぜか弱い相互作用がパリティを破るおかげで, 弱崩壊で生じた崩壊粒子はその親粒子のスピン方向
に対して指向性を持つ. 例えば Λ → pπにおける πは Λのスピン偏極の逆方向に出やすい, τ → πν の πは τ

のスピン方向に出やすいといった具合である. したがってこれらの弱崩壊では娘粒子の方向から親粒子のスピ
ンを推定することができる. 一般に 2体の弱崩壊における親粒子の偏極ベクトルと娘粒子の方向の相関は以下
の角度分布で表される:

dΓ

dΩ
∝ 1 + αs · n

sと nはそれぞれ親粒子の偏極ベクトルと娘粒子の方向ベクトル, αはその相関の強さを表す崩壊に固有のパ
ラメータである. αは −1 ≤ α ≤ 1の範囲を取り, 絶対値が大きいほど nと sの相関が大きくスピンが正確に
推定できる. また符号は nの sに対する指向性の極性を与え, 正のとき sと nは平行, 負のときは反平行にな
りやすい. 特に上で紹介した Λ → pπは αΛ = −0.642± 0.013 (PDG 2012) [44] と比較的大きな値を持つので
我々は今回「polarimeter」として重宝する. この終状態粒子の方向からスピンを推定するという polarimeter

のメカニズムは 1.3.3の陽子-グラファイト散乱を用いた陽子スピン測定とほぼ同じである. しかし粒子の崩壊
が, それ自身のスピンを表現すること (”self-polarimeter” [41]), 自然がそういったものを勝手に用意してくれ
ているところがなんとも奥ゆかしい.

実験的には当然 αが大きい方が好ましい. τ → πνは ατ = 1で最大になるため, 最強の polarimeter decayの
一つである. レプトンの崩壊は αが大きい崩壊が他にもいくらかあるが数は限られている. ハドロンの弱崩壊
は, 種類が多いので色々な可能性があるが, 一般に強い相互作用や電磁相互作用も寄与しており, 運動学的な要
因も絡んで αはよほど運がよくない限り大きくならない. 実質 polarimeterとして有用なのはΛ, Σ+, τ , W±の
崩壊チャネルにほぼ限定される. 今回我々はその中でも統計量が多く使い勝手のよい Λ → pπ− と τ− → π−ν,

またその荷電共役の Λ → p̄π+ と τ+ → π+ν̄ のみを使うことにする. その他 polarimeterとしての機能を持つ
崩壊は以下の Table. 1の通りである. αの大きさがどのように決まるかは次節にて詳しく議論する.

表 1: ”polarimeter decay”の一覧. 上の段がハドロニック, 下の段がレプトニック崩壊である. αの値は上段は
測定値, 下は理論値（Standerd Model）を採用している. CPの破れの効果を無視すると荷電共役のチャネルも
全く同じ性質を持ち αの極性のみ変わる.

Channel α Branchings

Λ → pπ− −0.642± 0.013 (63.9± 0.5)%

Λ → nπ0 −0.648± 0.045 (35.8± 0.5)%

Σ+ → pπ0 −0.98+0.017
−0.015 (51.57± 0.3)%

Λ+
c → pπ0 −0.91± 0.015

τ → eντ ν̄e 0.33 (17.83± 0.04)%

τ → µντ ν̄µ 0.33 (17.41± 0.04)%

τ → πντ 1.00 (10.83± 0.06)%

τ → ρντ 0.46 (25.52± 0.09)%

W → lν̄ 1.00 (32.6± 0.03)%

20

“asymmetric parameter”
 performance as a polarimeter

- Considering available statistics, 
   Λ, τ decays are promising

polarization

s

n

N.Törnqvist (1981, 1986)
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- (pseudo-) scalar → 2×fermion

   Maximally entangled

Source of entanglement state と, τ+τ−を polarimeterとして使う Z, γ∗, H → πνπν の系列を考察していく. 各チャネルのダイヤグラムは図
9の通りである. チャネルの tolopogyが同じこと, また簡潔性を鑑みて, 基本的に前者 (Λチャネル)について先
に論じ, 後者 (τ チャネル)はそれを踏まえ共通する部分は省略して, 相違点に関してコメントを加えるという
スタイルで議論を進める.

ν
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ν

ν
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Λ
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Z/γ* H ̟a-
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τa-
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J/ψηc χc0

図 9: 本論文で実験可能性の議論の対象とするチャネル. ηc → ΛΛ → pπ−p̄π+ (左上), χc0 → ΛΛ → pπ−p̄π+

(中上), J/ψ → ΛΛ → pπ−p̄π+ (右上), Z/γ∗ → ττ → πνπν (左下), H → ττ → πνπν (右下)

2.2 Weak Decay as Polarization Analyzer

self-polameterの現象論はベル不等式のテストという文脈を無視してもそれ自体なかなか面白い現象である.

この節ではパリティ非保存性が polarimeterとしての性能をどう与えるのか, 実際にスピンをどれくらいの精度
で予言するのか, SG装置でのスピン測定との比較など, 深い構造まで掘り下げる.

2.2.1 Parity Violation and Ability as a Polarizer - in a nut shell

この節ではまず弱い相互作用のパリティ非保存性が, 具体的に Λや τ の崩壊分布の非対称性をどう作るのか
を, パリティと軌道角運動量の関係を用いて定性的に導く. （『高エネルギー物理学』（山本祐靖）[43]の 9章を
参考にした）Λ → pπ−を例に見てみる. まず反応前後の粒子の内部パリティを考える. 内部パリティとは粒子
が固有に持つパリティ量子数である. パリティが乗法的, Λが udsというパリティ+の価クオークを 3つ持つこ
とから Λの内部パリティは+と決めることができる. 10 終状態の陽子も同様に+, πはクオークと反クオーク
を 1つずつ持つので-である. 内部パリティの積は反応前後で逆なので, 反応を通じてパリティ保存するには, 軌

10フェルミオンの内部パリティは位相の分の不定性を持つが [57], Λ, p, π の相対的なパリティは一意に定まっているのでここでは便宜
的にフェルミオン, 反フェルミオンの内部パリティを 1, -1 と定義する.

22

と, τ+τ−を polarimeterとして使う Z, γ∗, H → πνπν の系列を考察していく. 各チャネルのダイヤグラムは図
9の通りである. チャネルの tolopogyが同じこと, また簡潔性を鑑みて, 基本的に前者 (Λチャネル)について先
に論じ, 後者 (τ チャネル)はそれを踏まえ共通する部分は省略して, 相違点に関してコメントを加えるという
スタイルで議論を進める.

ν

ν

ν

ν

̟a-

̟a+

̟a-

̟a+

̟a-

̟a+

̟a-

̟a+

Λ

Λ

Λ

Λ

Λ

Λ

p

p

p

p

p

p

Z/γ* H ̟a-

̟a+

τa-

τa+

τa-

τa+

J/ψηc χc0

図 9: 本論文で実験可能性の議論の対象とするチャネル. ηc → ΛΛ → pπ−p̄π+ (左上), χc0 → ΛΛ → pπ−p̄π+

(中上), J/ψ → ΛΛ → pπ−p̄π+ (右上), Z/γ∗ → ττ → πνπν (左下), H → ττ → πνπν (右下)

2.2 Weak Decay as Polarization Analyzer

self-polameterの現象論はベル不等式のテストという文脈を無視してもそれ自体なかなか面白い現象である.

この節ではパリティ非保存性が polarimeterとしての性能をどう与えるのか, 実際にスピンをどれくらいの精度
で予言するのか, SG装置でのスピン測定との比較など, 深い構造まで掘り下げる.

2.2.1 Parity Violation and Ability as a Polarizer - in a nut shell

この節ではまず弱い相互作用のパリティ非保存性が, 具体的に Λや τ の崩壊分布の非対称性をどう作るのか
を, パリティと軌道角運動量の関係を用いて定性的に導く. （『高エネルギー物理学』（山本祐靖）[43]の 9章を
参考にした）Λ → pπ−を例に見てみる. まず反応前後の粒子の内部パリティを考える. 内部パリティとは粒子
が固有に持つパリティ量子数である. パリティが乗法的, Λが udsというパリティ+の価クオークを 3つ持つこ
とから Λの内部パリティは+と決めることができる. 10 終状態の陽子も同様に+, πはクオークと反クオーク
を 1つずつ持つので-である. 内部パリティの積は反応前後で逆なので, 反応を通じてパリティ保存するには, 軌

10フェルミオンの内部パリティは位相の分の不定性を持つが [57], Λ, p, π の相対的なパリティは一意に定まっているのでここでは便宜
的にフェルミオン, 反フェルミオンの内部パリティを 1, -1 と定義する.

22

と, τ+τ−を polarimeterとして使う Z, γ∗, H → πνπν の系列を考察していく. 各チャネルのダイヤグラムは図
9の通りである. チャネルの tolopogyが同じこと, また簡潔性を鑑みて, 基本的に前者 (Λチャネル)について先
に論じ, 後者 (τ チャネル)はそれを踏まえ共通する部分は省略して, 相違点に関してコメントを加えるという
スタイルで議論を進める.

ν

ν

ν

ν

̟a-

̟a+

̟a-

̟a+

̟a-

̟a+

̟a-

̟a+

Λ

Λ

Λ

Λ

Λ

Λ

p

p

p

p

p

p

Z/γ* H ̟a-

̟a+

τa-

τa+

τa-

τa+

J/ψηc χc0

図 9: 本論文で実験可能性の議論の対象とするチャネル. ηc → ΛΛ → pπ−p̄π+ (左上), χc0 → ΛΛ → pπ−p̄π+

(中上), J/ψ → ΛΛ → pπ−p̄π+ (右上), Z/γ∗ → ττ → πνπν (左下), H → ττ → πνπν (右下)

2.2 Weak Decay as Polarization Analyzer

self-polameterの現象論はベル不等式のテストという文脈を無視してもそれ自体なかなか面白い現象である.

この節ではパリティ非保存性が polarimeterとしての性能をどう与えるのか, 実際にスピンをどれくらいの精度
で予言するのか, SG装置でのスピン測定との比較など, 深い構造まで掘り下げる.

2.2.1 Parity Violation and Ability as a Polarizer - in a nut shell

この節ではまず弱い相互作用のパリティ非保存性が, 具体的に Λや τ の崩壊分布の非対称性をどう作るのか
を, パリティと軌道角運動量の関係を用いて定性的に導く. （『高エネルギー物理学』（山本祐靖）[43]の 9章を
参考にした）Λ → pπ−を例に見てみる. まず反応前後の粒子の内部パリティを考える. 内部パリティとは粒子
が固有に持つパリティ量子数である. パリティが乗法的, Λが udsというパリティ+の価クオークを 3つ持つこ
とから Λの内部パリティは+と決めることができる. 10 終状態の陽子も同様に+, πはクオークと反クオーク
を 1つずつ持つので-である. 内部パリティの積は反応前後で逆なので, 反応を通じてパリティ保存するには, 軌

10フェルミオンの内部パリティは位相の分の不定性を持つが [57], Λ, p, π の相対的なパリティは一意に定まっているのでここでは便宜
的にフェルミオン, 反フェルミオンの内部パリティを 1, -1 と定義する.

22

と, τ+τ−を polarimeterとして使う Z, γ∗, H → πνπν の系列を考察していく. 各チャネルのダイヤグラムは図
9の通りである. チャネルの tolopogyが同じこと, また簡潔性を鑑みて, 基本的に前者 (Λチャネル)について先
に論じ, 後者 (τ チャネル)はそれを踏まえ共通する部分は省略して, 相違点に関してコメントを加えるという
スタイルで議論を進める.

ν

ν

ν

ν

̟a-

̟a+

̟a-

̟a+

̟a-

̟a+

̟a-

̟a+

Λ

Λ

Λ

Λ

Λ

Λ

p

p

p

p

p

p

Z/γ* H ̟a-

̟a+

τa-

τa+

τa-

τa+

J/ψηc χc0

図 9: 本論文で実験可能性の議論の対象とするチャネル. ηc → ΛΛ → pπ−p̄π+ (左上), χc0 → ΛΛ → pπ−p̄π+

(中上), J/ψ → ΛΛ → pπ−p̄π+ (右上), Z/γ∗ → ττ → πνπν (左下), H → ττ → πνπν (右下)

2.2 Weak Decay as Polarization Analyzer

self-polameterの現象論はベル不等式のテストという文脈を無視してもそれ自体なかなか面白い現象である.

この節ではパリティ非保存性が polarimeterとしての性能をどう与えるのか, 実際にスピンをどれくらいの精度
で予言するのか, SG装置でのスピン測定との比較など, 深い構造まで掘り下げる.

2.2.1 Parity Violation and Ability as a Polarizer - in a nut shell

この節ではまず弱い相互作用のパリティ非保存性が, 具体的に Λや τ の崩壊分布の非対称性をどう作るのか
を, パリティと軌道角運動量の関係を用いて定性的に導く. （『高エネルギー物理学』（山本祐靖）[43]の 9章を
参考にした）Λ → pπ−を例に見てみる. まず反応前後の粒子の内部パリティを考える. 内部パリティとは粒子
が固有に持つパリティ量子数である. パリティが乗法的, Λが udsというパリティ+の価クオークを 3つ持つこ
とから Λの内部パリティは+と決めることができる. 10 終状態の陽子も同様に+, πはクオークと反クオーク
を 1つずつ持つので-である. 内部パリティの積は反応前後で逆なので, 反応を通じてパリティ保存するには, 軌

10フェルミオンの内部パリティは位相の分の不定性を持つが [57], Λ, p, π の相対的なパリティは一意に定まっているのでここでは便宜
的にフェルミオン, 反フェルミオンの内部パリティを 1, -1 と定義する.

22

, χc0

- vector → 2×fermion

| i = |++i+ |��ip
2

(χc0, H: scalar)

|++i � |��ip
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| i = (ηc: pseudo-scalar)

ΛΛ, ττ helicity 

No entanglement in non-relativistic limit

(spin conservation)

But relativistic spin-orbital angular momentum 
mixing can cause entanglement even if not maximally
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Bell’s inequality for our setup

π+ π- direction 

Fig. 2 The relation of unit vectors defined in the Λ (Λ̄) rest frame and their projections. n, (n′)

is the orientation of outgoing proton (anti-proton), s (s′) the polarization of Λ (Λ̄). Their projection

onto a guide axis is labeled by the attached index.

2. Momentum representation of Bell’s inequality

In realistic theories, a particle’s spin is a definite physical quantity and normally treated as a 3

dimensional continuously valued vector just like classical angular momentum. Consider a two particles

system with their spins of one half. The polarization vector s and s′ follow the algebraic condition:

| ⟨ sa s′b ⟩ − ⟨ sa s′c ⟩ | ≤ 1 + ⟨ sb s′c ⟩ . (2)

where a, b, and c are arbitrary unit vectors “guide axes”. s and s′ have the norms of 1 and sa is

its projection onto a i.e. sa = s · a; s′b is that of particle 2 onto b; sb, s′c defined similarly (Fig. 2).

Here s and s′ are quoted as the realistic value of polarizations and considering the case in that they

distribute probabilistically, and the ensemble average is weighted by the probability density function

of them. These are seemingly the striking deferences from the conventional BI [11] which has the

exactly same form as (2),

| ⟨mam
′
b ⟩ − ⟨mam

′
c ⟩ | ≤ 1 + ⟨mbm

′
c ⟩ (3)

with mi and m′
i being the result of measuring si and s′i (i=a, b, c). (3) is valid no matter if mi (m′

i)

is continuous or discrete providing −1 ≤ mi (m′
i) ≤ 1, or if the realistic values si (s′i) are different by

each measurement, though the original Bell’s discussion [11] takes discrete ones assuming measuring

the same spin by a Stern-Gerlach type of experiment. Thus, since the both inequalities (2) and (3)

has the same essence that they generally hold in (local) realistic view of physics and the constraints

are due to the realistic interpretation of spin, we call the inequality (2) BI as well and use it to test

LRTs.

In extending to a relativistic case, in which the particles 1 and 2 belong to different respective frames,

the CHSH (Clauser-Horne-Shimony-Holt) version of BI gives a more appropreate description [12]:

| ⟨ sa s′b ⟩+ ⟨ sa s′d ⟩+ ⟨ sc s′b ⟩ − ⟨ sc s′d ⟩ | ≤ 2 (4)

Here four guide axes are involved, two of which (a, c) are used for particle 1 and the other two (b,

d) for particle 2. Each set of two guide axes is defined independently in their own frame. Recall that

the original version of BI (2) has b in common to both frames. This leads to a confusion when in a

relativistic case, as pointed out by [10], while the CHSH inequality (4) remains well-defined with no

such ambiguity.
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As the norm of a and c are 1,

a = ±vi

c = ±vj

|vi| = 1 (i, j = 1, 2, 3). (3.29)

Plugging these into (3.23) and (3.24), one obtains b, d and the other coefficients. Considering the case with

(a, c) = (vi, vj) first,

ρ =
√
(λi + λj)(1 + vT

i · vj)

σ =
√
(λi + λj)(1− vT

i · vj)

When (i) a = c (i = j),

ρ = 2
√
λi σ = 0

b =
ĈTvi√
λi

d = (arbitrary unit vector)

Q = 2aT Ĉb = 2
√
λi. (3.30)

When (ii) a ̸= c (i ̸= j),

ρ = σ =
√
λi + λj

b =
ĈT (vi + vj)√

λi + λj
d =

ĈT (vi − vj)√
λi + λj

Q = 2
√
λi + λj . (3.31)

Here the fact is used that S = ĈT Ĉ is a symmetric matrix which has eigenvectors orthogonal to each other

(vT
i · vj = δij).

The other combinations (a, c) = (vi, −vj), (−vi, vj), (−vi, −vj) lead to the same result. The maximum

Q is derived from (3.31), with letting λi and λj being the two largest eigenvalues of S.

Lastly, a typical concern with respect to MLM is reviewed that generally maxima (minima) derived from

MLM could be local (fake) maxima where the real maximum (minimum) value does not sit at extrema but

at the boundary of parameter space. However it is not case here, since the parameter space of a, b, c, and

d are consecutive ”spheres” that have no boundary.

To summarize,

Qmax = 2
√
λ1 + λ2 ≤ 2α2

9
. (3.32)

where λ1 and λ2 are the largest two eigenvalues of ĈT Ĉ. It is not pleasant to contain values with measurement

error in the upper limit, dividing with the LHS of (3.32),

Cij =
9

2α2
⟨ni n

′
j ⟩ (i, j = 1, 2, 3)

Qmax = 2
√
λ1 + λ2

Qmax ≤ 1. (3.33)

This is the target expression. The classical limit is 1, while the QM reaches
√
2 at maximum.

Fix a-d s.t. Q is maximized

Q
max

 1 　　　Bell inequality (Quantum limit: √2) 

λ1,2: largest 2 eigen values of CTC

s, s’ :  polarization vector of ΛΛ̅
n, n’ :  direction of π-, π+ @Λ rest frame
na :      projection onto a

2.1.2 Weak Decay as Polarizer

残念なことにコライダーで粒子のスピンを直接測定することは技術的にほぼ不可能であるが, 一方で我々の
世の中はなぜか弱い相互作用がパリティを破るおかげで, 弱崩壊で生じた崩壊粒子はその親粒子のスピン方向
に対して指向性を持つ. 例えば Λ → pπにおける πは Λのスピン偏極の逆方向に出やすい, τ → πν の πは τ

のスピン方向に出やすいといった具合である. したがってこれらの弱崩壊では娘粒子の方向から親粒子のスピ
ンを推定することができる. 一般に 2体の弱崩壊における親粒子の偏極ベクトルと娘粒子の方向の相関は以下
の角度分布で表される:

dΓ

dΩ
∝ 1 + αs · n

sと nはそれぞれ親粒子の偏極ベクトルと娘粒子の方向ベクトル, αはその相関の強さを表す崩壊に固有のパ
ラメータである. αは −1 ≤ α ≤ 1の範囲を取り, 絶対値が大きいほど nと sの相関が大きくスピンが正確に
推定できる. また符号は nの sに対する指向性の極性を与え, 正のとき sと nは平行, 負のときは反平行にな
りやすい. 特に上で紹介した Λ → pπは αΛ = −0.642± 0.013 (PDG 2012) [44] と比較的大きな値を持つので
我々は今回「polarimeter」として重宝する. この終状態粒子の方向からスピンを推定するという polarimeter

のメカニズムは 1.3.3の陽子-グラファイト散乱を用いた陽子スピン測定とほぼ同じである. しかし粒子の崩壊
が, それ自身のスピンを表現すること (”self-polarimeter” [41]), 自然がそういったものを勝手に用意してくれ
ているところがなんとも奥ゆかしい.

実験的には当然 αが大きい方が好ましい. τ → πνは ατ = 1で最大になるため, 最強の polarimeter decayの
一つである. レプトンの崩壊は αが大きい崩壊が他にもいくらかあるが数は限られている. ハドロンの弱崩壊
は, 種類が多いので色々な可能性があるが, 一般に強い相互作用や電磁相互作用も寄与しており, 運動学的な要
因も絡んで αはよほど運がよくない限り大きくならない. 実質 polarimeterとして有用なのはΛ, Σ+, τ , W±の
崩壊チャネルにほぼ限定される. 今回我々はその中でも統計量が多く使い勝手のよい Λ → pπ− と τ− → π−ν,

またその荷電共役の Λ → p̄π+ と τ+ → π+ν̄ のみを使うことにする. その他 polarimeterとしての機能を持つ
崩壊は以下の Table. 1の通りである. αの大きさがどのように決まるかは次節にて詳しく議論する.

表 1: ”polarimeter decay”の一覧. 上の段がハドロニック, 下の段がレプトニック崩壊である. αの値は上段は
測定値, 下は理論値（Standerd Model）を採用している. CPの破れの効果を無視すると荷電共役のチャネルも
全く同じ性質を持ち αの極性のみ変わる.

Channel α Branchings

Λ → pπ− −0.642± 0.013 (63.9± 0.5)%

Λ → nπ0 −0.648± 0.045 (35.8± 0.5)%

Σ+ → pπ0 −0.98+0.017
−0.015 (51.57± 0.3)%

Λ+
c → pπ0 −0.91± 0.015

τ → eντ ν̄e 0.33 (17.83± 0.04)%

τ → µντ ν̄µ 0.33 (17.41± 0.04)%

τ → πντ 1.00 (10.83± 0.06)%

τ → ρντ 0.46 (25.52± 0.09)%

W → lν̄ 1.00 (32.6± 0.03)%
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QM prediction

Bell’s inequality: 　Qmax ≤ 1

p
5� 2�+ 2�2

2 + �

� := (2m⌧/
p
s)2

channel χc0→ΛΛ ηc→ΛΛ J/ψ→ΛΛ ee→γ*→ττ ee→Z→ττ H→ττ

Qmax √2 √2 0.976±0.048 √5/2 √2

violation ◯ ◯ ×? ◯ ◯

◯ with √s>8.6 GeV,  max: √5/2

- LO matrix element 

       + measured form factors 

と, τ+τ−を polarimeterとして使う Z, γ∗, H → πνπν の系列を考察していく. 各チャネルのダイヤグラムは図
9の通りである. チャネルの tolopogyが同じこと, また簡潔性を鑑みて, 基本的に前者 (Λチャネル)について先
に論じ, 後者 (τ チャネル)はそれを踏まえ共通する部分は省略して, 相違点に関してコメントを加えるという
スタイルで議論を進める.

ν

ν

ν

ν

̟a-

̟a+

̟a-

̟a+

̟a-

̟a+

̟a-

̟a+

Λ

Λ

Λ

Λ

Λ

Λ

p

p

p

p

p

p

Z/γ* H ̟a-

̟a+

τa-

τa+

τa-

τa+

J/ψηc χc0

図 9: 本論文で実験可能性の議論の対象とするチャネル. ηc → ΛΛ → pπ−p̄π+ (左上), χc0 → ΛΛ → pπ−p̄π+

(中上), J/ψ → ΛΛ → pπ−p̄π+ (右上), Z/γ∗ → ττ → πνπν (左下), H → ττ → πνπν (右下)

2.2 Weak Decay as Polarization Analyzer

self-polameterの現象論はベル不等式のテストという文脈を無視してもそれ自体なかなか面白い現象である.

この節ではパリティ非保存性が polarimeterとしての性能をどう与えるのか, 実際にスピンをどれくらいの精度
で予言するのか, SG装置でのスピン測定との比較など, 深い構造まで掘り下げる.

2.2.1 Parity Violation and Ability as a Polarizer - in a nut shell

この節ではまず弱い相互作用のパリティ非保存性が, 具体的に Λや τ の崩壊分布の非対称性をどう作るのか
を, パリティと軌道角運動量の関係を用いて定性的に導く. （『高エネルギー物理学』（山本祐靖）[43]の 9章を
参考にした）Λ → pπ−を例に見てみる. まず反応前後の粒子の内部パリティを考える. 内部パリティとは粒子
が固有に持つパリティ量子数である. パリティが乗法的, Λが udsというパリティ+の価クオークを 3つ持つこ
とから Λの内部パリティは+と決めることができる. 10 終状態の陽子も同様に+, πはクオークと反クオーク
を 1つずつ持つので-である. 内部パリティの積は反応前後で逆なので, 反応を通じてパリティ保存するには, 軌

10フェルミオンの内部パリティは位相の分の不定性を持つが [57], Λ, p, π の相対的なパリティは一意に定まっているのでここでは便宜
的にフェルミオン, 反フェルミオンの内部パリティを 1, -1 と定義する.
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Experimental feasibility
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Fig. 3 Distributions of C11, C33 and Qmax in the ηc and χc0 channels.

Number of events n
0 1000 2000 3000 4000 5000 6000 7000 8000

)
σ

si
gn

ifi
ca

nc
e 

(

1

1.5

2

2.5

3

3.5

4

4.5

5

5.5

 channel
c
η

 channel
c0
χ

Fig. 4 Achievable significance with respect to number of events is estimated by MC simulation.

We use a large number of samples where MC fluctuation is negligibly small.
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Classical
Limit

Qmax (ηc→ΛΛ→pπpπ)

aaaQmax

Requirements

■ Λ, τ rest frame can be reconstructed

   Since observables are all defined in the frame

■ Low BG level

   e+e- colliders: ◎
   hadron coll.:    ×?

■ Statistics is needed

   for confirmation of violation

1115年6月28日日曜日



ηc, χc0 → ΛΛ→pπpπ Expected events @BES3

 4000evt × eff (χco channel)

 12000evt × eff (ηc channel)

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

Candidates: BES3, CLEO

Number of Events N
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)
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4 BG 0%

BG 2%
BG 1%

ηc→ΛΛ (＠BES3)

χc0→ΛΛ (＠BES3)

3.4σ

2.3σ

(→backup)

2-3.5σ significance 
is already feasible!
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ee→γ*→ττ→πνπν Candidates: Belle, Babar, LEP, ILC?
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@Belle, 

771fb-1 (eff.: 5%)  

Belle: √s=10.58 GeV (Qmax=1.03; LO)

@Belle, 771fb-1 (eff.: 10%)  
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@ILC √s=500GeV, 1ab-1 

(eff.: 20-30%)  

~2.5σ

@ILC √s=250GeV, 1ab-1 

(eff.: 20-30%)  

ILC: √s=250-500 GeV (Qmax~1.11; LO)

Belle: need to update calculation  (Qmax=1.03)
ILC: 2-3σ ok
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GeV QMeVeV

pp

K0K0/B0B0

optical exp.

rigidness 
significance

TeV

Summary

cc→ΛΛ
ee→ττ 
(Drell-Yan)

Z/H→ττ

ions

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

■ through Bell’s inequality

■ Looking forward to experiments!
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Thanks for the attention!
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Backup
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Rigidness of LHVT test 

Optical exp. Efficiency LH Locality LH significance

A. Aspect et. al. (1981) photon × × 5σ

Weihs et. al. (1998) photon (400m) × ◯ >10σ

Rowe et. al. (2001) ions ◯ × >10σ

Particle exp.

CPLEAR@CERN (1999) K0-K̅0 × △ ~3σ

Sakai et.al @RHIC (2006) p-p ◯ △ ~3σ

Belle@KEK (2007) B0-B ̅0 × × 3-4σ

Tornqvist, Baranov, Chen ΛΛ, ττ × △ 2~3σ

c.f. I. Tsutsui (Kinchakai@KEK, 2010)
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Space-time Separation of ΛΛ̅

×

p̅

π

π

p

Λ

Λ̅

l1

l2 space-time separation condition: 

l1 + l2 > c |t1 � t2| =
1

�
|l1 � l2|

Table 1 Kinematics of Λ and Λ from each charmonium decay. ω is the fraction that the two decays

are in space-like configuration: ω = 2
∫∞
0 dt1

∫ 1+β
1−β t1
t1 dt2

1
τ e

− t1
τ

1
τ e

− t2
τ = β.

ηc χc0 J/ψ

β 0.663 0.757 0.693

γ 1.329 1.621 1.408

ω 0.663 0.757 0.693

At this point, it is clear that (4) is not capable of being tested by experiment because it is denoted by

the realistic values instead measured values, that can yield different values due to the disturbance by

the involvement of hidden variables, generally in LRTs. However we can translate it into a testable

one, assuming the angular distribution (1) for the decay Λ → pπ− (Λ → pπ+). If the two decays are

independent, the correlations of hyperon spin and the proton (anti-proton) orientation can be tagged

as

⟨ sa s′b ⟩ = − 9

αΛαΛ̄
⟨ (n · a)(n′ · b) ⟩ =: − 9

αΛαΛ̄
⟨na n

′
b ⟩ . (5)

n (n′) is the traveling directions of the proton (anti-proton). The equation was originally provided

by S. P. Baranov [10], which however takes a different picture of classical spin reality from one in this

paper. The derivation for our spin interpretation is given in the appendix, yielding the same result

as [10]. Equation (4) can therefore be written as

| ⟨na n
′
b ⟩+ ⟨na n

′
d ⟩+ ⟨nc n

′
b ⟩ − ⟨nc n

′
d ⟩ | ≤

2αΛαΛ̄

9
(6)

We call this “the momentum representation” of BI. Here n and n′ are measured values, in addition,

have corresponding observables in QM. Therefore (6) is eventually an inequality which can be eval-

uated by experiment and by QM.

Several comments should be added to this reformulation:

◦ On deriving (5), we assumed that the decay of the first hyperon only depends on the polarization

of that particular hyperon. It seems reasonable according to the kinematical properties of Λ and

Λ from each meson decay, as shown in Table 1. The two decays have a space-like separation for

66 % ∼ 76 % of events, across which no interaction can act. Experimentally, these space-like

events can be selectively extracted, which realizes a complete isolation of the decays.

◦ In a conventional tests with direct spin measurement, guide axes play much important physical

role in that only one direction of spin can be chose to be measured. In our test, however, guide

axes are just arbitrary unit vectors as seen in (2). This cause no problem because momentum

components can be simultaneously determined within one measurement, and even has an advan-

tage in that we will not suffer from the “free will” problem in choosing guide axes.

◦ On the other hand, it has no scheme comparable to ”delayed-choice measurement” in opti-

cal experiment which prevents the hyperons from deciding the way of decaying in advance, or

exchanging information each other just after their production so that they can have a larger
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• Fraction of events with space-like separated decays events:

(Λ, Λbar decay time :             )t1, t2

Table 1 Kinematics of Λ and Λ from each charmonium decay. ω is the fraction that the two decays

are in space-like configuration: ω = 2
∫∞
0 dt1

∫ 1+β
1−β t1
t1 dt2

1
τ e

− t1
τ

1
τ e

− t2
τ = β.

ηc χc0 J/ψ

β 0.663 0.757 0.693

γ 1.329 1.621 1.408

ω 0.663 0.757 0.693

At this point, it is clear that (4) is not capable of being tested by experiment because it is denoted by

the realistic values instead measured values, that can yield different values due to the disturbance by

the involvement of hidden variables, generally in LRTs. However we can translate it into a testable

one, assuming the angular distribution (1) for the decay Λ → pπ− (Λ → pπ+). If the two decays are

independent, the correlations of hyperon spin and the proton (anti-proton) orientation can be tagged

as

⟨ sa s′b ⟩ = − 9

αΛαΛ̄
⟨ (n · a)(n′ · b) ⟩ =: − 9

αΛαΛ̄
⟨na n

′
b ⟩ . (5)

n (n′) is the traveling directions of the proton (anti-proton). The equation was originally provided

by S. P. Baranov [10], which however takes a different picture of classical spin reality from one in this

paper. The derivation for our spin interpretation is given in the appendix, yielding the same result

as [10]. Equation (4) can therefore be written as

| ⟨na n
′
b ⟩+ ⟨na n

′
d ⟩+ ⟨nc n

′
b ⟩ − ⟨nc n

′
d ⟩ | ≤

2αΛαΛ̄

9
(6)

We call this “the momentum representation” of BI. Here n and n′ are measured values, in addition,

have corresponding observables in QM. Therefore (6) is eventually an inequality which can be eval-

uated by experiment and by QM.

Several comments should be added to this reformulation:

◦ On deriving (5), we assumed that the decay of the first hyperon only depends on the polarization

of that particular hyperon. It seems reasonable according to the kinematical properties of Λ and

Λ from each meson decay, as shown in Table 1. The two decays have a space-like separation for

66 % ∼ 76 % of events, across which no interaction can act. Experimentally, these space-like

events can be selectively extracted, which realizes a complete isolation of the decays.

◦ In a conventional tests with direct spin measurement, guide axes play much important physical

role in that only one direction of spin can be chose to be measured. In our test, however, guide

axes are just arbitrary unit vectors as seen in (2). This cause no problem because momentum

components can be simultaneously determined within one measurement, and even has an advan-

tage in that we will not suffer from the “free will” problem in choosing guide axes.

◦ On the other hand, it has no scheme comparable to ”delayed-choice measurement” in opti-

cal experiment which prevents the hyperons from deciding the way of decaying in advance, or

exchanging information each other just after their production so that they can have a larger

4/14

テキスト

1815年6月28日日曜日


