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¹ʲʝȞǹȶƫ

ࣙࡼ |ȶʝɿɇƘʲƌʝǹɇȶ

ࣙࢀ ĂǮƫ ƌŚȞƌʲȞŚʝǹɇȶ ƂŚʏƫƘ ɇȶ ȞɇƌŚȞǹʝ˩ Ǯ˩ɴɇʝǮƫʏǹʏ

ࣙࢄ H˨ɴƫɿǹȰƫȶʝŚȞ ƫ̀ƫƌʝʏ ŚȶƘ ƌɇɿɿƫƌʝǹɇȶ

ࣙ࢈ /ɇȶƌȞʲʏǹɇȶ

åƫǹऀ/ǮƫȶǙ �ǹŚȶǙ ࣲåƫȘǹȶǙ đȶǹ˜ƫɿʏǹʝ˩ࣴ Ăƫʏʝ ɇǔ ɻʲŚȶʝʲȰ ȶɇȶȞɇƌŚȞǹʝ˩ ˜ǹŚ ˜ƫƌʝɇɿ Ȱƫʏɇȶ ƘƫƌŚ˩ʏ ʝɇ �ê�ê ¨ɇ˜ƫȰƂƫɿ ࣚࢌ ࡼࢀࡴࢀ ࡼ ࣬ ࢌࡼ



|ȶʝɿɇƘʲƌʝǹɇȶ



�ɇƌŚȞǹʝ˩ ŚȶƘ ɻʲŚȶʝʲȰ ȶɇȶȞɇƌŚȞǹʝ˩

|ȶ ࣚࢌࢄ࢜ࡼ Hǹȶʏʝƫǹȶࣚ åɇƘɇȞʏȘ ࣚ˩ ŚȶƘ ìɇʏƫȶ ࣲHåìࣴ ɴɇʏƫƘ ʝǮƫ ɻʲƫʏʝǹɇȶ ɇǔ
ˠǮƫʝǮƫɿ ɇɿ ȶɇʝ ɻʲŚȶʝʲȰ ȰƫƌǮŚȶǹƌʏ ɇ̀ƫɿʏ Ś ƌɇȰɴȞƫʝƫ Ƙƫʏƌɿǹɴʝǹɇȶ ɇǔ
ɿƫŚȞǹʝ ࣙ˩
ĂǮƫ˩ ŚʏʏʲȰƫƘ ʝǮƫ ȞɇƌŚȞǹʝ˩ ɴɿǹȶƌǹɴȞƫ ˠǮǹƌǮ ʏʝŚʝƫʏ ʝǮŚʝ ǹȶʝƫɿǔƫɿƫȶƌƫ ƫ̀ƫƌʝʏ
ʏǮɇʲȞƘ ʝɿŚ˜ƫȞ Śʝ ʝǮƫ ʏɴƫƫƘ ɇǔ ȞǹǙǮʝ ɇɿ ʏȞɇˠƫɿ Ƃƫʝˠƫƫȶ ʝˠɇ ɇƂȐƫƌʝʏࣙ

ĂǮƫ ȰƫŚʏʲɿƫȰƫȶʝ ɇǔ ɇȶƫ ɴŚɿʝǹƌȞƫ ǹȶ
Śȶ ƫȶʝŚȶǙȞƫƘ ʏ˩ʏʝƫȰ ǮŚʏ Śȶ
ǹȶʏʝŚȶʝŚȶƫɇʲʏ ƫ̀ƫƌʝ ɇȶ ʝǮƫ ɇʝǮƫɿ
Ƙʲƫ ʝɇ ɻʲŚȶʝʲȰ ȶɇȶȞɇƌŚȞǹʝ˩ࣙ

ĳǮ˩ ɴƫɿǔɇɿȰ ʏʲƌǮ ʝƫʏʝʏ ǹȶ ȶƫʲʝɿŚȞ
ȘŚɇȶʏ ʏ˩ʏʝƫȰ

ʝǮƫ ƫȶʝŚȶǙȞƫȰƫȶʝ Ƃƫʝˠƫƫȶ �ê
ŚȶƘ �� ˠǮɇʏƫ ƘƫƌŚ˩ ɴɿɇƘʲƌʝʏ
Śɿƫ ƫŚʏ˩ ʝɇ ƘǹʏʝǹȶǙʲǹʏǮ
ʝǮƫ ȞŚɿǙƫ ʏʝŚʝǹƌʝǹƌʏ ǹȶ ƌǮŚɿȰ
ࣲ'Hö|||ࣚ /�H¹ऀƌࣴࣚ ɴǮǹ ࣲ��¹Hࣴࣚ ŚȶƘ
'ऀȰƫʏɇȶ ࣲ'ƫȞȞƫऀ||ࣚ �s/Ƃࣴ
ǔŚƌʝɇɿǹƫʏ ˠǹʝǮ ƘƫƌŚ˩ ƌǮŚȶȶƫȞ
ġ → ࡴ̄�ࡴ�

åƫǹऀ/ǮƫȶǙ �ǹŚȶǙ ࣲåƫȘǹȶǙ đȶǹ˜ƫɿʏǹʝ˩ࣴ Ăƫʏʝ ɇǔ ɻʲŚȶʝʲȰ ȶɇȶȞɇƌŚȞǹʝ˩ ˜ǹŚ ˜ƫƌʝɇɿ Ȱƫʏɇȶ ƘƫƌŚ˩ʏ ʝɇ �ê�ê ¨ɇ˜ƫȰƂƫɿ ࣚࢌ ࡼࢀࡴࢀ ࢀ ࣬ ࢌࡼ



sǹƘƘƫȶऀ˜ŚɿǹŚƂȞƫ ʝǮƫɇɿ˩ ŚȶƘ 'ƫȞȞ ǹȶƫɻʲŚȞǹʝ˩

'ƫȞȞ |ȶƫɻʲŚȞǹʝ˩
¹ɿǹǙǹȶŚȞ ǔɇɿȰࣛ
|-Ǧ(Ś,ž)− -Ǧ(Ś, ƈ)| ≤ +ࡼ -Ǧ(ž, ƈ)

/sös ǔɇɿȰࣛ
-Ǧ(Ś,ž)− -Ǧ (Ś,ž′) + -Ǧ (Ś′,ž) +
-Ǧ (Ś′,ž′) ≤ ࢀ

H˨ɴƫɿǹȰƫȶʝŚȞ ȞɇɇɴǮɇȞƫऀǔɿƫƫ
˜ǹɇȞŚʝǹɇȶ ɇǔ 'ƫȞȞ ǹȶƫɻʲŚȞǹʝ˩
ɴɿƫƌȞʲƘƫʏ ʝǮƫ ƫ˨ɴȞŚȶŚʝǹɇȶ ɇǔ
ǮǹƘƘƫȶऀ˜ŚɿǹŚƂȞƫ ʝǮƫɇɿ ࣙ˩
ŚɱĬǱˌࣛࣚ࢜࢈࢜ࢌࡴࣙ࢘ࡴࢌࡼ ŚɱĬǱˌࣛࡴ࢜ࡼࢄࡴࣙࡼࡼࢌࡼ

åƫǹऀ/ǮƫȶǙ �ǹŚȶǙ ࣲåƫȘǹȶǙ đȶǹ˜ƫɿʏǹʝ˩ࣴ Ăƫʏʝ ɇǔ ɻʲŚȶʝʲȰ ȶɇȶȞɇƌŚȞǹʝ˩ ˜ǹŚ ˜ƫƌʝɇɿ Ȱƫʏɇȶ ƘƫƌŚ˩ʏ ʝɇ �ê�ê ¨ɇ˜ƫȰƂƫɿ ࣚࢌ ࡼࢀࡴࢀ ࢄ ࣬ ࢌࡼ

https://arxiv.org/abs/1508.05949
https://arxiv.org/abs/1511.03190


/ɇȰȰʲȶǹƌŚʝǹɇȶ Ƃƫʝˠƫƫȶ ƫȶʝŚȶǙȞƫƘ ɴŚɿʝǹƌȞƫʏ

�ȞʝƫɿȶŚʝǹ˜ƫ ȞɇƌŚȞ ƫ˨ɴȞŚȶŚʝǹɇȶʏ ɇǔ ê¤ ƌɇɿɿƫȞŚʝǹɇȶʏ ƌɇʲȞƘ Ƃƫ ɴɇʏʏǹƂȞƫ ŚʏʏʲȰǹȶǙ
ʏɇȰƫ ƌɇȰȰʲȶǹƌŚʝǹɇȶ Ƃƫʝˠƫƫȶ ƫȶʝŚȶǙȞƫƘ ɴŚɿʝǹƌȞƫʏࣙ ŚɱĬǱˌࣛ࢔࢜࢐ࢀࣙ࢐ࡴࡴࡼ

öɴŚƌƫऀʝǹȰƫ ƘǹŚǙɿŚȰ ǹȶ ʝǮƫ ɴɿǹ˜ǹȞƫǙƫƘ
ɿƫǔƫɿƫȶƌƫ ǔɿŚȰƫࣙ ŚɱĬǱˌࣛࢌ࢜࢔ࢄࣙࡴࡼࡼࡼ

'ɇʲȶƘ ɇƂʝŚǹȶƫƘ ǔɇɿ ġßw
ƈ Śʏ Ś ǔʲȶƌʝǹɇȶ ɇǔ

ʝǮƫ ʏɴƫƫƘ β ࣲɿƫȞŚʝǹ˜ƫ ʝɇ ʝǮƫ HŚɿʝǮ
ǔɿŚȰƫࣴࣙ ŚɱĬǱˌࣛ࢐ࡼࢄࢄࣙ࢘ࡴ࢘ࡴ

åƫǹऀ/ǮƫȶǙ �ǹŚȶǙ ࣲåƫȘǹȶǙ đȶǹ˜ƫɿʏǹʝ˩ࣴ Ăƫʏʝ ɇǔ ɻʲŚȶʝʲȰ ȶɇȶȞɇƌŚȞǹʝ˩ ˜ǹŚ ˜ƫƌʝɇɿ Ȱƫʏɇȶ ƘƫƌŚ˩ʏ ʝɇ �ê�ê ¨ɇ˜ƫȰƂƫɿ ࣚࢌ ࡼࢀࡴࢀ ࢈ ࣬ ࢌࡼ

https://arxiv.org/abs/1006.2697
https://arxiv.org/abs/1110.3795
https://arxiv.org/abs/0808.3316


ĂǮƫ ƌŚȞƌʲȞŚʝǹɇȶ ƂŚʏƫƘ ɇȶ ȞɇƌŚȞǹʝ˩
Ǯ˩ɴɇʝǮƫʏǹʏ



HȶʝŚȶǙȞƫƘ ȶƫʲʝɿŚȞ ȘŚɇȶʏ ʏ˩ʏʝƫȰ

E�W�D�W�

|ȶ ʝǮƫ ɿƫŚƌʝǹɇȶ ġ → ࣚࡴ̄�ࡴ� ˠǮƫɿƫ į ǹʏ Ś ˜ƫƌʝɇɿ Ȱƫʏɇȶ ࣲφࣚ �/ψࣚ Υࣙࣙࣙࣴ ˠǹʝǮ
ɻʲŚȶʝʲȰ ȶʲȰƂƫɿʏ �Ú- = ࣙ−−ࡼ

ࡴ�ࡴ�∣∣∣
〉
=

√ࡼ
ࢀ
{
|�ê〉Ś |��〉ž − |��〉Ś |�ê〉ž

}

ɻʲŚȶʝʲȰ ȰƫƌǮŚȶǹƌʏ
ʎࢀ = ʎࡼ ĂǮƫ ǹȶʏʝƫɿǔƫɿƫȶƌƫ ƫ̀ƫƌʝ ǹʏ ǹȶʏʝŚȶʝŚȶƫɇʲʏࣙ

ȞɇƌŚȞǹʝ˩ ɴɿǹȶƌǹɴȞƫ
ʎࢀ = +ࡼ) β)/(ࡼ− β)ʎࡼ ĂǮƫ ǹȶʏʝƫɿǔƫɿƫȶƌƫ ƫ̀ƫƌʝ ʏǮɇʲȞƘ ʝɿŚ˜ƫȞ Śʝ ʝǮƫ ʏɴƫƫƘ ɇǔ
ȞǹǙǮʝ ǹȶ ʝǮƫ ɿƫʏʝ ǔɿŚȰƫ ɇǔ ࣙࡴ̄�ࡴ�

åƫǹऀ/ǮƫȶǙ �ǹŚȶǙ ࣲåƫȘǹȶǙ đȶǹ˜ƫɿʏǹʝ˩ࣴ Ăƫʏʝ ɇǔ ɻʲŚȶʝʲȰ ȶɇȶȞɇƌŚȞǹʝ˩ ˜ǹŚ ˜ƫƌʝɇɿ Ȱƫʏɇȶ ƘƫƌŚ˩ʏ ʝɇ �ê�ê ¨ɇ˜ƫȰƂƫɿ ࣚࢌ ࡼࢀࡴࢀ ࢌ ࣬ ࢌࡼ



9ƫƌŚ˩ ɿŚʝƫʏ

� (ǎŚ, ʎŚ; ǎž, ʎž) = √ࡼ
ࢀ [〈ǎŚ|õ|�ê (ʎŚ)〉 〈ǎž|õ|�� (ʎž)〉 − 〈ǎŚ|õ|�� (ʎŚ)〉 〈ǎž|õ|�ê (ʎž)〉]

eɇɿ ࡴ�ࡴ� → ŚȬ˙ʎǦǱȬǓࣚ ˠƫ ǮŚ˜ƫ

ΓƦȬʎ(ʎŚ, ʎž) = ¢ΣǎŚ,ǎž |� (ǎŚ, ʎŚ; ǎž, ʎž)|
ࢀ =

¢
ࢀ Γ�ΓS

{
Ʀ−ΓêʎŚ−Γ�ʎž + Ʀ−Γêʎž−Γ�ʎŚ − ࢀ cos [(Ȧ� −Ȧê) (ʎž − ʎŚ)] Ʀ−

ࡼ
ࢀ (ʎž+ʎŚ)(Γê+Γ�)

}

ΓȬȼȬएƦȬʎ (ʎŚ, ʎž) = ࡼ
Γ�ΓSࢀ

{
Ʀ−ΓêʎŚ−Γ�ʎž + Ʀ−Γêʎž−Γ�ʎŚ

}

ΓŚ (ʎŚ) =
∫ ʎŚ
ࡴ ƓʎžΓȬȼȬएƦȬʎ (ʎŚ, ʎž) +

∫ +∞
ʎŚ ƓʎžΓƦȬʎ (ʎŚ, ʎž)

9ƫƌŚ˩ ɿŚʝƫ ɇǔ ʝǮƫ ̊ɿʏʝ ƘƫƌŚ˩ Śʝ ʝǹȰƫ ʎࣛࡼ

Γࡼ(ʎࡼ) = ࢀ
∫ +∞
ʎࡼ ƓʎࢀΓƦȬʎ (ʎࡼ, ʎࢀ)

9ƫƌŚ˩ ɿŚʝƫ ɇǔ ʝǮƫ ʏƫƌɇȶƘ ƘƫƌŚ˩ Śʝ ʝǹȰƫ ʎࣛࢀ

Γࢀ(ʎࢀ) = ࢀ
∫ ʎࢀ
ࡴ ƓʎࡼΓȬȼȬएƦȬʎ (ʎࡼ, ʎࢀ)

ΓŚ(ʎ) = Γž(ʎ) = Γࡼ(ʎ)/ࢀ+ Γࢀ(ʎ)/ࢀ

åƫǹऀ/ǮƫȶǙ �ǹŚȶǙ ࣲåƫȘǹȶǙ đȶǹ˜ƫɿʏǹʝ˩ࣴ Ăƫʏʝ ɇǔ ɻʲŚȶʝʲȰ ȶɇȶȞɇƌŚȞǹʝ˩ ˜ǹŚ ˜ƫƌʝɇɿ Ȱƫʏɇȶ ƘƫƌŚ˩ʏ ʝɇ �ê�ê ¨ɇ˜ƫȰƂƫɿ ࣚࢌ ࡼࢀࡴࢀ ࢐ ࣬ ࢌࡼ



9ƫƌŚ˩ ɴɿɇƌƫʏʏ

��E

ĳǮƫȶ ȘŚɇȶ Ś ƘƫƌŚ˩ʏ ̊ɿʏʝ Śʝ ʝǹȰƫ ʎࣚࡼ

ʝǮƫ ƘƫƌŚ˩ ɿŚʝƫ ɇǔ ȘŚɇȶ Ƃ ƌǮŚȶǙƫʏ ǹȶʏʝŚȶʝŚȶƫɇʲʏȞ˩ ǔɿɇȰ Γࡼ(ʎࡼ)/ࢀ ʝɇ
Γࢀ(ʎࡼ)/ࢀ ࣲɻʲŚȶʝʲȰ ȰƫƌǮŚȶǹƌʏࣴࣙ
ʝǮƫ ƘƫƌŚ˩ ɿŚʝƫ ɇǔ ȘŚɇȶ Ƃ ɿƫȰŚǹȶʏ Γࡼ(ʎ)/ࢀ ʲȶʝǹȞ ʎࢀ = γ′ʎࡼ = +ࡼ) β)/(ࡼ− β)ʎࡼ
ࣲȞɇƌŚȞǹʝ˩ ɴɿǹȶƌǹɴȞƫࣴࣙ

åƫǹऀ/ǮƫȶǙ �ǹŚȶǙ ࣲåƫȘǹȶǙ đȶǹ˜ƫɿʏǹʝ˩ࣴ Ăƫʏʝ ɇǔ ɻʲŚȶʝʲȰ ȶɇȶȞɇƌŚȞǹʝ˩ ˜ǹŚ ˜ƫƌʝɇɿ Ȱƫʏɇȶ ƘƫƌŚ˩ʏ ʝɇ �ê�ê ¨ɇ˜ƫȰƂƫɿ ࣚࢌ ࡼࢀࡴࢀ ࢔ ࣬ ࢌࡼ



ĂǮƫ ˩ǹƫȞƘ ɇǔ �ê�ê

E�W�D�W�

ĂǮƫ ࡴ̄�ࡴ� ʏʝŚʝƫ ƌɇȶʏǹʏʝʏ ɇǔ ʝǮƫ
ǹȶƌɇǮƫɿƫȶʝ ʏʝŚʝƫʏ |�ê〉ࡼ |�ê〉ࣚࢀ
|�ê〉ࡼ ࣚࢀ〈��| ࡼ〈��| |�ê〉ࣚࢀ ŚȶƘ ࡼ〈��| ࢀ〈��|
ˠǹʝǮ ƫɻʲŚȞ ˠƫǹǙǮʝʏ ǹȶ ʝǮƫ ʝǹȰƫ
ˠǹȶƘɇˠ (ʎࡼ, ʎࢀ)ࣙ

�SS

�LL

�SL

�LS

20 40 60 80 100
t2(�S)

0.0002

0.0004

0.0006

0.0008

0.0010

� 1
�S

åƫǹऀ/ǮƫȶǙ �ǹŚȶǙ ࣲåƫȘǹȶǙ đȶǹ˜ƫɿʏǹʝ˩ࣴ Ăƫʏʝ ɇǔ ɻʲŚȶʝʲȰ ȶɇȶȞɇƌŚȞǹʝ˩ ˜ǹŚ ˜ƫƌʝɇɿ Ȱƫʏɇȶ ƘƫƌŚ˩ʏ ʝɇ �ê�ê ¨ɇ˜ƫȰƂƫɿ ࣚࢌ ࡼࢀࡴࢀ ࢘ ࣬ ࢌࡼ



ĂǮƫ ƌŚȞƌʲȞŚʝǹɇȶ

�2

�W

�SS

50 100 150 200
t2(�S)

0.0001

0.0002

0.0003

0.0004

0.0005

� 1
�S

ĂǮƫ ɿŚʝǹɇ ɇǔ ƘɇʲƂȞƫ �ê ƫ˜ƫȶʝʏ ʝɇ ʏǹȶǙȞƫ �ê ƫ˜ƫȶʝʏ ˠǹȞȞ Ƃƫ Ǚǹ˜ƫȶ Ƃ˩

á = Úĥ (�ê�ê) / [Úß� (�ê��) + Úĥ (�ê��)]

Úĥ(�ê�ê) ǹʏ ʝǮƫ ɴɿɇƂŚƂǹȞǹʝ˩ ɇǔ ʝǮƫ ʏʝŚʝƫ |�ê〉ࡼ |�ê〉ࢀ ƘʲɿǹȶǙ ʝǮƫ ʝǹȰƫ ˠǹȶƘɇˠ ࣲʎࢀ/γ′ ࣚ ʎࣙࣴࢀ Úĥ(�ê��)
ŚȶƘ Úß�(�ê��) ǹʏ ʝǮƫ ɴɿɇƂŚƂǹȞǹʝ˩ ɇǔ ʏǹȶǙȞƫ �ê ƫ˜ƫȶʝʏ ƘʲɿǹȶǙ ʝǮƫ ʝǹȰƫ ˠǹȶƘɇˠ ŚȶƘ ɇʲʝʏǹƘƫ ʝǮƫ
ʝǹȰƫ ˠǹȶƘɇˠࣚ ɿƫʏɴƫƌʝǹ˜ƫȞ ࣙ˩

åƫǹऀ/ǮƫȶǙ �ǹŚȶǙ ࣲåƫȘǹȶǙ đȶǹ˜ƫɿʏǹʝ˩ࣴ Ăƫʏʝ ɇǔ ɻʲŚȶʝʲȰ ȶɇȶȞɇƌŚȞǹʝ˩ ˜ǹŚ ˜ƫƌʝɇɿ Ȱƫʏɇȶ ƘƫƌŚ˩ʏ ʝɇ �ê�ê ¨ɇ˜ƫȰƂƫɿ ࣚࢌ ࡼࢀࡴࢀ ࢜ ࣬ ࢌࡼ



H˨ɴƫɿǹȰƫȶʝŚȞ ƫ̀ƫƌʝʏ ŚȶƘ
ƌɇɿɿƫƌʝǹɇȶ



H˨ɴƫɿǹȰƫȶʝŚȞ ƫ̀ƫƌʝʏ ऀ /å ˜ǹɇȞŚʝǹɇȶ

E�W�D�W�

¹ȶȞ˩ ƌɇȶʏǹƘƫɿǹȶǙ ʝǮƫ �ê ƘƫƌŚ˩ ȰɇƘƫ �ê → π+π−ࣚ ʝǮƫ ̊ȶŚȞ ʏʝŚʝƫ ɇǔ ɿƫŚƌʝǹɇȶ
ġ → �ê�ê ǹʏ π+π−π+π−ࣙ

öǹȶƌƫ ʝǮƫ ƘƫƌŚ˩ �� → π+π− ȰŚ˩ ǮŚɴɴƫȶࣚ ʝǮƫ ʏʝŚʝƫʏ |�ê〉ࡼ ࣚࢀ〈��| ࡼ〈��| |�ê〉ࣚࢀ ŚȶƘ
ࡼ〈��| ࢀ〈��| ƌŚȶ Ƃƫ ȰǹʏɿƫƌɇȶʏʝɿʲƌʝƫƘ Śʏ |�ê〉ࡼ |�ê〉ࣙࢀ

ĂǮƫ ƂɿŚȶƌǮǹȶǙ ɿŚʝǹɇ ɇǔ ġ → �ê�ê ʏǮɇʲȞƘ Ƃƫ ƌɇɿɿƫƌʝƫƘ ˠǹʝǮ ॼσࣴࣚࡼࣲ ˠǮƫɿƫ

σ =

∫ +∞
ࡴ Ɠʎࢀ[ζΓê�(ʎࢀ) + ζΓ�ê(ʎࢀ) + ζࢀΓ��(ʎࢀ)]∫ +∞

ࡴ ƓʎࢀΓêê(ʎࢀ)

åƫǹऀ/ǮƫȶǙ �ǹŚȶǙ ࣲåƫȘǹȶǙ đȶǹ˜ƫɿʏǹʝ˩ࣴ Ăƫʏʝ ɇǔ ɻʲŚȶʝʲȰ ȶɇȶȞɇƌŚȞǹʝ˩ ˜ǹŚ ˜ƫƌʝɇɿ Ȱƫʏɇȶ ƘƫƌŚ˩ʏ ʝɇ �ê�ê ¨ɇ˜ƫȰƂƫɿ ࣚࢌ ࡼࢀࡴࢀ ࡴࡼ ࣬ ࢌࡼ



H˨ɴƫɿǹȰƫȶʝŚȞ ƫ̀ƫƌʝʏ ऀ ȘŚɇȶ ɿƫǙƫȶƫɿŚʝǹɇȶ

F

$ %

G

ìƫǙƫȶƫɿŚʝǹɇȶ ɇɿǹǙǹȶŚʝƫʏ ǔɿɇȰ ʝǮƫ ǔŚƌʝ ʝǮŚʝ
ʝǮƫ ࡴ� Ȱƫʏɇȶ ǹȶʝƫɿŚƌʝʏ Ƙǹ̀ƫɿƫȶʝȞ˩ ˠǹʝǮ
ȰŚʝʝƫɿ ࣲǙƫȶƫɿŚȞȞ˩ ˠǹʝǮ ɴɿɇʝɇȶʏ ŚȶƘ ȶƫʲʝɿɇȶʏࣴ
ʝǮŚȶ ࣙࡴ̄�

ĂǮƫɿƫ Śɿƫ ʝˠɇ ȘǹȶƘʏ ɇǔ ɿƫǙƫȶƫɿŚʝǹɇȶ
ɴɿɇƌƫʏʏƫʏࣛ

ƌɇǮƫɿƫȶʝ ɿƫǙƫȶƫɿŚʝǹɇȶ ɧɱƦǓƦȬ = |ρ|ࢀɧʎǦɱʣ
ǹȶƌɇǮƫɿƫȶʝ ɿƫǙƫȶƫɿŚʝǹɇȶ

ĂǮƫ ƘǹʏʝɿǹƂʲʝǹɇȶ ɇǔ ȘŚɇȶ ɿƫǙƫȶƫɿŚʝǹɇȶ ǹȶ
φ→ �ê�� → π+π−π+π− ǔɿɇȰ ʝǮƫ ��¹H
/ɇȞȞŚƂɇɿŚʝǹɇȶࣙ ŚɱĬǱˌࣛ࢔ࢀࡴ࢔ࡴ࢐ࡴ

Data
KLKS → π+π-π+π-
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|ȶ 'Hö|||ࣚ ȘŚɇȶ ɿƫǙƫȶƫɿŚʝǹɇȶ ƌŚȶ ǮŚɴɴƫȶ ǹȶ
ʝǮƫ ƂƫŚȰ ɴǹɴƫ ŚȶƘ ʝǮƫ ǹȶȶƫɿ ˠŚȞȞ ɇǔ ʝǮƫ ȰŚǹȶ
ƘɿŚǕʝ ƌǮŚȰƂƫɿࣙ

åƫǹऀ/ǮƫȶǙ �ǹŚȶǙ ࣲåƫȘǹȶǙ đȶǹ˜ƫɿʏǹʝ˩ࣴ Ăƫʏʝ ɇǔ ɻʲŚȶʝʲȰ ȶɇȶȞɇƌŚȞǹʝ˩ ˜ǹŚ ˜ƫƌʝɇɿ Ȱƫʏɇȶ ƘƫƌŚ˩ʏ ʝɇ �ê�ê ¨ɇ˜ƫȰƂƫɿ ࣚࢌ ࡼࢀࡴࢀ ࡼࡼ ࣬ ࢌࡼ

https://arxiv.org/abs/hep-ex/0607027


ĂǮƫ ɿƫʏʲȞʝʏ ɇǔ ƌŚȞƌʲȞŚʝǹɇȶ

ĂǮƫ ƌɇɿɿƫƌʝƫƘ ˜ŚȞʲƫ ɇǔ ì ƌŚȶ Ƃƫ ƫ˨ɴɿƫʏʏƫƘ Śʏ á′ = +ࡼ) σ)á+ ɧɱƦǓƦȬࣙ
�ȶɇˠǹȶǙ ʝǮƫ ƂɿŚȶƌǮǹȶǙ ɿŚʝǹɇ ɇǔ ġ → �ê��ࣚ ȰʲȞʝǹɴȞǹƫƘ Ƃ˩ á′ ŚȶƘ Ƙǹ˜ǹƘƫƘ Ƃ˩
&ɱ(�ê → π+π−)ࣚ ʝǮƫ ƂɿŚȶƌǮǹȶǙ ɿŚʝǹɇ ɇǔ ƘƫƌŚ˩ ġ → �ê�ê ƌŚȶ Ƃƫ ɇƂʝŚǹȶƫƘࣙ
|ȶɴʲʝ ɴŚɿŚȰƫʝƫɿʏࣛ
ȰƫŚȶ ȞǹǔƫʝǹȰƫ ɇǔ �ê ŚȶƘ ��ࣚ ȰŚʏʏ ɇǔ ʝǮƫ ˜ƫƌʝɇɿ ŚȶƘ ࡴ� Ȱƫʏɇȶࣚ ƂɿŚȶƌǮǹȶǙ
ɿŚʝǹɇ ɇǔ �ê → π+π−ࣙ
ĂǮƫ ʲȶƌƫɿʝŚǹȶʝ˩ ɇǔ á′ ˜ŚȞʲƫ ȰŚǹȶȞ˩ ƌɇȰƫʏ ǔɿɇȰ ʝǮƫ ʲȶƌƫɿʝŚǹȶʝ˩ ɇǔ ��कʏ
ȞǹǔƫʝǹȰƫࣙ

åƫǹऀ/ǮƫȶǙ �ǹŚȶǙ ࣲåƫȘǹȶǙ đȶǹ˜ƫɿʏǹʝ˩ࣴ Ăƫʏʝ ɇǔ ɻʲŚȶʝʲȰ ȶɇȶȞɇƌŚȞǹʝ˩ ˜ǹŚ ˜ƫƌʝɇɿ Ȱƫʏɇȶ ƘƫƌŚ˩ʏ ʝɇ �ê�ê ¨ɇ˜ƫȰƂƫɿ ࣚࢌ ࡼࢀࡴࢀ ࢀࡼ ࣬ ࢌࡼ



H˨ɴƫɿǹȰƫȶʝŚȞ ʲɴɴƫɿ ȞǹȰǹʝʏ

ìƫʏʲȞʝʏ ǔɿɇȰ ʝǮƫ 'Hö||| ƌɇȞȞŚƂɇɿŚʝǹɇȶࣙ
ŚɱĬǱˌࣛ࢘ࢄ࢔ࢌࡴࣙࡴࡼ࢔ࡼ
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ĂǮƫ ʲɴɴƫɿ ȞǹȰǹʝ ɇǔ &ɱ(�/ψ → �ê�ê) ǔɿɇȰ
ʝǮƫ 'Hö||| /ɇȞȞŚƂɇɿŚʝǹɇȶ ǹȶ ࢔ࡼࡴࢀ ǹʏ ʝˠɇ
ɇɿƘƫɿʏ ɇǔ ȰŚǙȶǹʝʲƘƫ ʏȰŚȞȞƫɿ ʝǮŚȶ ʝǮƫ
ƫ˨ɴƫƌʝƫƘ ˜ŚȞʲƫ ʲȶƘƫɿ ʝǮƫ ȞɇƌŚȞǹʝ˩
ŚʏʏʲȰɴʝǹɇȶࣚ ǔɿɇȰ ˠǮǹƌǮ ˠƫ ƌŚȶ ɇƂʝŚǹȶ
ʝǮŚʝ ʝǮƫ ʏɴƫƫƘ ɇǔ ɻʲŚȶʝʲȰ ǹȶǔɇɿȰŚʝǹɇȶ
ġßw > ƈࡼ.ࢌ࢈ ǹȶ ʝǮƫ ࡴ̄�ࡴ� ɿƫʏʝ ǔɿŚȰƫࣙ

ĂǮƫ 'Hö /ɇȞȞŚƂɇɿŚʝǹɇȶ ǮŚʏ Ǚǹ˜ƫȶ Śȶ
ʲɴɴƫɿ ȞǹȰǹʝ Śʝ ৒ࢌ࢜ /ࣙ�ࣙ
&ɱ(ψ(ࢀê) → �ê�ê) < ×࢐.࢈ ࢐−ࡴࡼ ǹȶ ࣙ࢈ࡴࡴࢀ
|ʝ ǹʏ ƌɇȰɴŚʝǹƂȞƫ ˠǹʝǮ ʝǮƫ ƌŚȞƌʲȞŚʝƫƘ
˜ŚȞʲƫࣙ

eɇɿ Υ(Ȭê)ࣚ ʝǮƫ Ƙǹʏʝǹȶƌʝǹɇȶ Ƃƫʝˠƫƫȶ
ɻʲŚȶʝʲȰ ȰƫƌǮŚȶǹƌʏ ŚȶƘ ʝǮƫ ȞɇƌŚȞǹʝ˩
Ǯ˩ɴɇʝǮƫʏǹʏ ȰŚ˩ Ƃƫ Ȱɇɿƫ ɴɿɇȶɇʲȶƌƫƘࣙ

åƫǹऀ/ǮƫȶǙ �ǹŚȶǙ ࣲåƫȘǹȶǙ đȶǹ˜ƫɿʏǹʝ˩ࣴ Ăƫʏʝ ɇǔ ɻʲŚȶʝʲȰ ȶɇȶȞɇƌŚȞǹʝ˩ ˜ǹŚ ˜ƫƌʝɇɿ Ȱƫʏɇȶ ƘƫƌŚ˩ʏ ʝɇ �ê�ê ¨ɇ˜ƫȰƂƫɿ ࣚࢌ ࡼࢀࡴࢀ ࢄࡼ ࣬ ࢌࡼ

https://arxiv.org/abs/1710.05738


/ɇȶƌȞʲʏǹɇȶ



/ɇȶƌȞʲʏǹɇȶ

|ȶ ʝǮǹʏ ˠɇɿȘࣚ ˠƫ ǮŚ˜ƫ ƫʏʝǹȰŚʝƫƘ ʝǮƫ ƂɿŚȶƌǮǹȶǙ ɿŚʝǹɇʏ ɇǔ ġ → �ê�ê ʲȶƘƫɿ
ʝǮƫ ȞɇƌŚȞǹʝ˩ ŚʏʏʲȰɴʝǹɇȶࣙ
ĂǮƫ ƫ˨ɴƫɿǹȰƫȶʝŚȞ ɿƫʏʲȞʝ ɇǔ �/ψ ǹʏ ʏǹǙȶǹ̊ƌŚȶʝȞ˩ Ȟƫʏʏ ʝǮŚȶ ʝǮƫ ɴɿƫƘǹƌʝǹɇȶ
ŚȶƘ ʝǮƫ ɴɿƫʏƫȶʝ ʲɴɴƫɿ ȞǹȰǹʝ ɇǔ ψ(ࢀê) ǹʏ ƌɇȰɴŚʝǹƂȞƫ ˠǹʝǮ ʝǮƫ ɴɿƫƘǹƌʝǹɇȶࣙ
Υ(Ȭê) ƌɇʲȞƘ ŚȞʏɇ Ƃƫ ʲʏƫƘ ʝɇ ʝƫʏʝ ʝǮƫ ȞɇƌŚȞǹʝ˩ Ǯ˩ɴɇʝǮƫʏǹʏ ŚȶƘ ˠƫ ɴɿɇɴɇʏƫ
'ƫȞȞƫऀ|| ŚȶƘ �s/Ƃ ƫ˨ɴƫɿǹȰƫȶʝʏ ʝɇ ɴƫɿǔɇɿȰ ʏʲƌǮ ʏʝʲƘǹƫʏࣙ
|ʝ ǹʏ Ś ǔŚǹɿȞ˩ ʏȰŚȞȞ ʏʝƫɴࣚ Ƃʲʝ Ȱɇɿƫ ɴɿɇǙɿƫʏʏ ǹʏ ƫ˨ɴƫƌʝƫƘ ǹȶ ʝǮǹʏ ̊ƫȞƘࣞ

åƫǹऀ/ǮƫȶǙ �ǹŚȶǙ ࣲåƫȘǹȶǙ đȶǹ˜ƫɿʏǹʝ˩ࣴ Ăƫʏʝ ɇǔ ɻʲŚȶʝʲȰ ȶɇȶȞɇƌŚȞǹʝ˩ ˜ǹŚ ˜ƫƌʝɇɿ Ȱƫʏɇȶ ƘƫƌŚ˩ʏ ʝɇ �ê�ê ¨ɇ˜ƫȰƂƫɿ ࣚࢌ ࡼࢀࡴࢀ ࢈ࡼ ࣬ ࢌࡼ



ĂǮŚȶȘʏࣞ

åƫǹऀ/ǮƫȶǙ �ǹŚȶǙ ࣲåƫȘǹȶǙ đȶǹ˜ƫɿʏǹʝ˩ࣴ Ăƫʏʝ ɇǔ ɻʲŚȶʝʲȰ ȶɇȶȞɇƌŚȞǹʝ˩ ˜ǹŚ ˜ƫƌʝɇɿ Ȱƫʏɇȶ ƘƫƌŚ˩ʏ ʝɇ �ê�ê ¨ɇ˜ƫȰƂƫɿ ࣚࢌ ࡼࢀࡴࢀ ࢈ࡼ ࣬ ࢌࡼ



'ŚƌȘʲɴ

Γêê(ʎࢀ) =
(

Γࡴ
ê
γ

ࢀ( ∫
aࡼ Ɠʎࡼ exp

[
−Γê(ʎࡼ+ʎࢀ)

γ

]
, ˠǮƫɿƫ γ ǹʏ ʝǮƫ �ɇɿƫȶʝ˵ǹŚȶ ǔŚƌʝɇɿ

γ = /ࡼ
√

−ࡼ βࢀ ŚȶƘ aࡼ ɿƫɴɿƫʏƫȶʝʏ ʝǹȰƫ ǹȶʝƫɿ˜ŚȞ
[ʎࢀ/γ′ < ʎࡼ < ʎࢀ; ࡴ < ʎࡼ < +∞; ࡴ < ʎࢀ < +∞]ࣙ H˨ɴɿƫʏʏǹɇȶʏ ɇǔ ʝǮƫ ɇʝǮƫɿʏ Śɿƫ
ŚȶŚȞɇǙɇʲʏȞ˩ Ƙƫ̊ȶƫƘ Śʏ ʝǮŚʝ ɇǔ Γêê(ʎࢀ)ࣙ

Úß�(�ê��) ǹʏ ɇƂʝŚǹȶƫƘ Ƃ˩ ǹȶʝƫǙɿŚʝǹȶǙ ࢀ
γࢀ

Γࡴ
ê

Γê
ΓȬȼȬएƦȬʎ

(
ʎࡼ
γ ,

ʎࢀ
γ

)
ɇ˜ƫɿ ʝǮƫ ʝǹȰƫऀȞǹȘƫ

̊ƘʲƌǹŚȞ ɿƫǙǹɇȶ aࢀ ࡴ] < ʎࡼ < ʎࢀ/γ′; ࡴ < ʎࡼ < +∞; ࡴ < ʎࢀ < +∞]ࣙ

�ʝ ̊˨ƫƘ ʝǹȰƫ ʎࢀ ʝǮƫ ɴɿɇƂŚƂǹȞǹʝ˩ ɇǔ ʝǮƫ ̊ɿʏʝ ƘƫƌŚ˩ ɇƌƌʲɿɿǹȶǙ ǹȶ ʝǮƫ ʏɴŚƌƫऀȞǹȘƫ
ɿƫǙǹɇȶ Úĥ ƌŚȶ Ƃƫ ɇƂʝŚǹȶƫƘ Ƃ˩ ǹȶʝƫǙɿŚʝǹȶǙ ࢀ

γࢀ
Γࡴ
ê

Γê
ΓȬȼȬएƦȬʎ

(
ʎࡼ
γ ,

ʎࢀ
γ

)
ǹȶ ʝǮƫ ʝǹȰƫ

ˠǹȶƘɇˠ aࡼ [ʎࢀ/γ′ < ʎࡼ < ʎࢀ; ࡴ < ʎࡼ < +∞; ࡴ < ʎࢀ < +∞]ࣙ

¨ƫ˨ʝ ˠƫ ƌŚȶ Ǚƫʝ ʝǮƫ ǔɿŚƌʝǹɇȶ ɇǔ ƫ˜ƫȶʝʏ ƘƫƌŚ˩ǹȶǙ ǹȶ ʝǮƫ ̊ƘʲƌǹŚȞ ɿƫǙǹɇȶ Śʏ �ê�ê
ǹʏ

ɧʁʁ =
∫ +∞
ࡴ ƓʎࢀΓêê(ʎࢀ)∫ +∞

ࡴ Ɠʎࢀ[Γêê(ʎࢀ) + Γê�(ʎࢀ) + Γ�ê(ʎࢀ) + Γ��(ʎࢀ)]
. ࣴࡼࣲ

¤ʲȞʝǹɴȞ˩ ǹʝ Ƃ˩ Úĥ ʝɇ Ǚƫʝ Úĥ(�ê�ê) ŚȶƘ ʏŚȰƫ ˠǹʝǮ Úĥ(�ê��)ࣙ
åƫǹऀ/ǮƫȶǙ �ǹŚȶǙ ࣲåƫȘǹȶǙ đȶǹ˜ƫɿʏǹʝ˩ࣴ Ăƫʏʝ ɇǔ ɻʲŚȶʝʲȰ ȶɇȶȞɇƌŚȞǹʝ˩ ˜ǹŚ ˜ƫƌʝɇɿ Ȱƫʏɇȶ ƘƫƌŚ˩ʏ ʝɇ �ê�ê ¨ɇ˜ƫȰƂƫɿ ࣚࢌ ࡼࢀࡴࢀ ࢌࡼ ࣬ ࢌࡼ


