
¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ
óʚŗʚʯʌ ŗȳƕ ¥ƨ˝ 6ƨ˙ƨțɄɱȭƨȳʚʌ

�ŗ˙Ƕƨɼ ĬǶɼʚɄ

ĎȳǶ˙ƨɼʌǶʚŗʚ ƕƨ $ŗɼƉƨțɄȳŗ

¡yÿâ एbțŗ˙Ʉɼ ŗʚ ʚǫƨ ,ɼɄʌʌɼɄŗƕʌऐ ँ �ɱɼǶț ʚǫࣗࢉࡽ ࡽࡽࡱࡽ

 



éŗɼƨ # 6ƨƉŗ˦ʌࣘ

࣢ b,¥,ʌ ࣯țƨɱʚɄȳǶƉࣗ ɼŗɼƨ ʌƨȭǶțƨɱʚɄȳǶƉࣗ ɼŗɼƨ ǫŗƕɼɄȳǶƉࣱ

࣢ �ƨɱʚɄȳࣽĎȳǶ˙ƨɼʌŗțǶʚ˦ࣽĬǶɄțŗʚǶȳǖ Ʉſʌƨɼ˙ŗſțƨʌ

࣢ �ƨɱʚɄȳࣽbțŗ˙ɄɼࣽĬǶɄțŗʚǶȳǖ ȭɄƕƨʌ

࣢ �ƨɱʚɄȳࣽ¥ʯȭſƨɼࣽĬǶɄțŗʚǶȳǖ ȭɄƕƨʌ

óʚɼɄȳǖ ʌʯɱɱɼƨʌʌǶɄȳ ɄǑ ʚǫƨʌƨ ƕƨƉŗ˦ʌ Ƕȳ ʚǫƨ ó¡⇒ óȭɄȕǶȳǖ ǖʯȳʌ ɄǑ ¥â

$Ďÿࣘ b,¥,ʌ ŗɼƨ ȳɄ țɄȳǖƨɼ एɼŗɼƨऐ ŗʚ ʚǫƨ �p,ࣛ

ƨࣖǖࣖ ��l*Żƣˉƣȩʋɾ(Þʠȩ (ࡹ = ࢕࢙ࢁࡽ ࣙ ��l*Żƣˉƣȩʋɾ(ࢍࡹࡱࡽ) = ࢑࢕ࡹࡽ ǑɄɼ # → �∗µµ

�ȳƕ ˝Ƕțț ſƨƉɄȭƨ एƉɄȭȭɄȳऐ ƕƨƉŗ˦ʌ ŗʚ $ƨțțƨࣽࡽ ŗȳƕ �p,ſ Ďɱǖɼŗƕƨ yyࣖ

→ ¶ɱɱɄɼʚʯȳǶʚ˦ ʚɄ ʌʚʯƕ˦ $¶ÿp �ƣˍ ×ǣ˖ɾǮƅɾ ŗȳƕ Ü*3 Ƕȳ ɼŗɼƨ ƕƨƉŗ˦ʌࣖ

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩࡽ



# ȭƨʌɄȳʌ ȭǶ˥ ŗȳƕ ƕƨƉŗ˦ ƕʯƨ ʚɄ LĢƣŗȋ + L#ç�?

bɄɼ ȣ# ! �Ģ,�#ç� ˝ƨ ʯʌƨ ŗȳ Ebÿ ࣘ LB^ò = LÜ*3+ÜB3 +
∑

Ǯ *ǮOǮ

�ƨſǶʌƉǫƨɼࣗ bŗƨțࣗ eɼƨʯſࣗ ĬǶɼʚɄ ࢑ࡹࡱࡽ

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩࢁ



éƨțƨ˙ŗȳʚ ɱŗɼʚ ɄǑ ʚǫƨ İƨŗȕE˽ƨƉʚǶ˙ƨÿʚǫƨɄɼ˦ ǑɄɼ Ż→ ɾ!! ʚɼŗȳʌǶʚǶɄȳʌࣘ

LĢ = LZ*. + LZ1. +
√^aࢅ
ࡽ
ĞʋŻĞ!ʋɾ

∑

Ǯ

CǮ(µ)OǮ(µ)

Oࡹ = (ƅ̄γµ×�Ż)(ɾ̄γµ×�ƅ) Oࡽ = (ƅ̄γµ×�òŗŻ)(ɾ̄γµ×�òŗƅ)

O࢑ =
ƣ

ȣŻ(ɾ̄σµν×ÞŻ)^µνࡽπࢍࡹ O࢑′ =
ƣ

ȣŻ(ɾ̄σµν×�Ż)^µνࡽπࢍࡹ

O࢙# =
α
πࢅ (ɾ̄γµ×�Ż)(!̄γ

µ!) O࢙′# =
α
πࢅ (ɾ̄γµ×ÞŻ)(!̄γ

µ!)

Oࡱࡹ# =
α
πࢅ (ɾ̄γµ×�Ż)(!̄γ

µγࢉ!) Oࡱࡹ′# =
α
πࢅ (ɾ̄γµ×ÞŻ)(!̄γ

µγࢉ!),

,ʯɼɼƨȳʚț ࣗ˦ ǖțɄſŗț ƕƨʚƨɼȭǶȳŗʚǶɄȳʌ ɄǑ C࢙ ࣯ŗȳƕ ࣽȭŗ˦ſƨࣽ Cࣱࡱࡹ ʌƨƨȭ ƕǶʌƉɼƨɱŗȳʚ ˝Ƕʚǫ ó¡
ɱɼƨƕǶƉʚǶɄȳʌࣗ ˝Ƕʚǫ ŗȳ ǶȭɱɄɼʚŗȳʚ ʌʚŗʚǶʌʚǶƉŗț ʌǶǖȳǶ̇ƉŗȳƉƨࣖ

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩࢅ



�ȳɄȭŗțǶƨʌ Ƕȳ Ż→ ɾ!+!−

! �ȳɄȭŗțǶƨʌ Ƕȳ Ż→ ɾµ+µ−ࣘ ࣯�p,ſࣗ $ƨțțƨࣗ �ÿ��óࣗ ,¡óࣱ

→#)ࢉ′× �∗µ+µ−) ∼ σࢁ ࣙ B(#ɾ → φµ+µ−) ∼ σࡽ

B(#→ �(∗)µ+µ−) ∼ σࡹ ࣙ ȭŗȳ˦ Ʉʚǫƨɼʌ ∼ σࡱ

,ɄȭſǶȳƨƕ ࡱ࢕ࡹ࣯ ¶ſʌƨɼ˙ŗſțƨʌࣱ ∼ σࢉ

óǶǖȳǶ̇Ɖŗȳʚț˦ ŗțțƨ˙Ƕŗʚƨƕ ǶǑ 6ƨʌƉɄʚƨʌࣗ ¡ŗʚǶŗʌࣗ ĬǶɼʚɄ ࢁࡹࡱࡽ

L�× $ ࡽ−(h2oࢉࢁ) [ɾ̄γν×�Ż][µ̄γνµ]

! �b¥Ďࣘ ࣯�p,ſࣗ $ƨțțƨࣱ
Þ�ࣗ Þ�∗ " σࡽ ࣙ Üࢉ ≡ µࢉ′× − ƣࢉ′× " σࡹ ,ɄȭſǶȳƨƕ ∼ σࢅ

,ɄȳʌǶʌʚƨȳʚ(∗) ˝Ƕʚǫ Ż→ ɾµ+µ− �țɄȳʌɄࣗ ,ŗȭŗțǶƉǫࣗ eɼǶȳʌʚƨǶȳ ࢅࡹࡱࡽ

¥â ǶȳʚƨɼɱɼƨʚŗʚǶɄȳ ɼƨɸʯǶɼƨʌ ŗƉƉʯɼŗʚƨ ÿp ɱɼƨƕǶƉʚǶɄȳʌ ɄǑ #→ �$+$− Ʉſʌ

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩࢉ



pǶʌʚɄɼǶƉŗț ɱɼƨțʯƕƨ

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩࢍ



bǶʚʌ ʚɄ Ż→ ɾ ʚɼŗȳʌǶʚǶɄȳʌ Ƕʌ ȳɄʚ ŗ ȳƨ˝ ſʯʌǶȳƨʌʌ

एÿɄ˝ŗɼƕʌ ŗ ¡Ʉƕƨțࣽyȳƕƨɱƨȳƕƨȳʚ �ȳŗț˦ʌǶʌ ɄǑ éŗɼƨ $ 6ƨƉŗ˦ʌऐࣗ �țǶࣗ eǶʯƕǶƉƨࣗ ¡ŗȳȳƨțࣗ ࢅ࢙࢙ࡹ

$ʯʚ ȭƨŗʌʯɼƨȭƨȳʚʌ ɄǑ ȕƨ˦ ȭɄƕƨʌ ࣯#ɾ → µµࣗ #→ �(∗)$$ࣱ ŗ˝ŗǶʚƨƕ �p,࣯ſࣱ
ÿǫƨʌƨ ȭƨŗʌʯɼƨȭƨȳʚʌ ˝ƨɼƨ ŗȳʚǶƉǶɱŗʚƨƕ ſ˦ ʚǫƨɄɼǶʌʚʌࣖ

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩ࢑



,țƨŗȳ Ʉſʌƨɼ˙ŗſțƨʌࣘ �b$ ˲ƨɼɄ $ƨȳƨȕƨࣗ bƨțƕȭŗȳȳࣗ óƨǶƕƨț ࡹࡱࡱࡽ

,ŗȳƉƨțțŗʚǶɄȳ ɄǑ ǫŗƕɼɄȳǶƉ ʯȳƉƨɼʚŗǶȳʚǶƨʌ Ƕȳ ʚǫƨ ˲ƨɼɄࣽƉɼɄʌʌǶȳǖ

�ʚ �¶ࣘ ࢙* + éƨ(Ī(ɪࡱࡽ)) = ȣŻ#�ࡽ−
ɪࡱࡽ

*ƨ˽࢑

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩ࢕



pŗƕɼɄȳǶƉ bɄɼȭ bŗƉʚɄɼʌ ŗʚ �ŗɼǖƨ éƨƉɄǶț ,ǫŗɼțƨʌ ƨʚ ŗț ࣙ࢕࢙࢙ࡹ $ƨȳƨȕƨࣗ bƨțƕȭŗȳȳ ࡱࡱࡱࡽ

Ğ(ɪࡽ) =
ȣ# +ȣ�∗

ȣ#
ξ⊥(ɪࡽ) + ∆Ğαɾ (ɪࡽ) + ∆ĞΛ(ɪࡽ) ,

(ࡽɪ)ࡹ� =
Bࡽ

ȣ# +ȣ�∗
ξ⊥(ɪࡽ) + ∆�αɾࡹ (ɪࡽ) + ∆�Λࡹ (ɪࡽ) ,

(ࡽɪ)ࡽ� =
ȣ#

ȣ# −ȣ�∗

[
ξ⊥(ɪࡽ)− ξ‖(ɪࡽ)

]
+ ∆�αɾࡽ (ɪࡽ) + ∆�Λࡽ (ɪࡽ) ,

(ࡽɪ)ࡱ� =
B

ȣ�∗
ξ‖(ɪࡽ) + ∆�αɾࡱ (ɪࡽ) + ∆�Λࡱ (ɪࡽ) ,

òࡹ(ɪࡽ) = ξ⊥(ɪࡽ) + ∆òαɾࡹ (ɪࡽ) + ∆òΛࡹ (ɪࡽ) ,

òࡽ(ɪࡽ) =
Bࡽ
ȣ#

ξ⊥(ɪࡽ) + ∆òαɾࡽ (ɪࡽ) + ∆òΛࡽ (ɪࡽ) ,

òࢁ(ɪࡽ) =
[
ξ⊥(ɪࡽ)− ξ‖(ɪࡽ)

]
+ ∆òαɾࢁ (ɪࡽ) + ∆òΛࢁ (ɪࡽ) ,

¶ȳț˦ ʚ˝Ʉ Ƕȳƕƨɱƨȳƕƨȳʚ ʌʚɼʯƉʚʯɼƨʌ ŗʚ țƨŗƕǶȳǖ Ʉɼƕƨɼ ॻ ɱɄ˝ƨɼ

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩ࢙



,țƨŗȳ Ʉſʌƨɼ˙ŗſțƨʌ ǑɄɼ ŗțț ɪࡽ ࣯,ŗȳƉƨțțŗʚǶɄȳ ŗʌ ǑʯȳƉʚǶɄȳʌ ɄǑ ɪࣱࡽ
�ɼʯǖƨɼࣗ¡ŗʚǶŗʌ ࡽࡱࡱࡽ 6ƨʌƉɄʚƨʌࣽeƨȳɄȳࣗ ¡ŗʚǶŗʌࣗ éŗȭɄȳࣗ ĬǶɼʚɄ ࡽࡹࡱࡽ

�țʌɄࣘ Ɖțƨŗȳ Ʉſʌƨɼ˙ŗſțƨʌ ŗʚ țŗɼǖƨ ɪࡽ $Ʉſƨʚǫࣗ pǶțțƨɼࣗ ˙ŗȳ 6˦ȕ

bʯțț ſŗʌǶʌ ɄǑ एŗțțࣽɪࣽࡽƉțƨŗȳऐ Ʉſʌƨɼ˙ŗſțƨʌ 6ƨʌƉɄʚƨʌࣽeƨȳɄȳࣗ pʯɼʚǫࣗ ¡ŗʚǶŗʌࣗ ĬǶɼʚɄ ࢁࡹࡱࡽ

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩࡱࡹ



ࢁࡹࡱࡽ �p,ſ ȭƨŗʌʯɼƨȭƨȳʚʌ �p,ſ ࢁࡹࡱࡽ ࡽ࣯ ɱŗɱƨɼʌࣱ

¥ࣖ óƨɼɼŗࣗ ʚŗțȕ ŗʚ EâóࣽpEâ ࢁࡹࡱࡽ

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩࡹࡹ



ÿǫƨ #→ �∗µµ �ȳɄȭŗț˦ 6ƨʌƉɄʚƨʌࣽeƨȳɄȳࣗ ¡ŗʚǶŗʌࣗ ĬǶɼʚɄ ࢁࡹࡱࡽ

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩࡽࡹ



� ȳƨ˝ एʚ˝Ƕʌʚऐࣘ �ƨɱʚɄȳ bțŗ˙Ʉɼ ¥ɄȳࣽĎȳǶ˙ƨɼʌŗțǶʚ˦

Þ� ≡
B(#+ → �+µµ)[ࢍ,ࡹ]eƨĬࡽ
B(#+ → �+ƣƣ)[ࢍ,ࡹ]eƨĬࡽ

; Þó¡� = ;ࡹ Þ�p,ſ �ࢅࡹࡱࡽ $ ±ࢉ࢑.ࡱ ࡹ.ࡱ

pǶțțƨɼࣗ �ɼʯǖƨɼ ࣙࢅࡱࡱࡽ $Ʉſƨʚǫࣗ pǶțțƨɼࣗ âǶɼŗȳǶʌǫ˙ǶțǶ ࣙ࢑ࡱࡱࡽ $ɄɼƕɄȳƨࣗ yʌǶƕɄɼǶࣗ âŗʚʚɄɼǶ ࣙࢍࡹࡱࡽ �p,ſ ࢅࡹࡱࡽ

bɼɄȭ �țɄȳʌɄࣗ eɼǶȳʌʚƨǶȳࣗ ,ŗȭŗțǶƉǫ ࢅࡹࡱࡽ

óƨƨ ŗțʌɄ pǶțțƨɼࣗ óƉǫȭŗțʚ˲ ࣙࢅࡹࡱࡽ eɄʌǫࣗ ¥ŗɼƕƨƉƉǫǶŗࣗ éƨȳȳƨɼ ࢅࡹࡱࡽ

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩࢁࡹ



� ȳƨ˝ एʚ˝Ƕʌʚऐࣘ �ƨɱʚɄȳ bțŗ˙Ʉɼ ¥ɄȳࣽĎȳǶ˙ƨɼʌŗțǶʚ˦

,ɄȳʌǶʌʚƨȳƉ˦ ɄǑ ࢉ′× ŗȳƕ �b¥Ď Ƕȳ ࢑ࡹࡱࡽ ,ŗɱƕƨ˙Ƕțŗࣗ ,ɼǶ˙ƨțțǶȳࣗ 6ƨʌƉɄʚƨʌࣽeƨȳɄȳࣗ ¡ŗʚǶŗʌࣗ ĬǶɼʚɄ ࢑ࡹࡱࡽ

bǶʚ ʚɄ �b¥Ď Ʉſʌƨɼ˙ŗſțƨʌ Ʉȳț˦ ࣱ࢑ࡹࡱࡽ࣯ ɱɼƨƕǶƉʚƨƕ ƉɄɼɼƨƉʚ �p,ſ ࢉ′× ȭƨŗʌʯɼƨȭƨȳʚʌ

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩࢅࡹ



ए�ȳɄȭŗțǶƨʌऐ ࣯ŗʌ ɄǑ ࣱࡱࡽࡱࡽ

¶ſʌƨɼ˙ŗſțƨ E˥ɱƨɼǶȭƨȳʚ ó¡ ɱɼƨƕǶƉʚǶɄȳ ɱʯțț

Þ[ࢍ,ࡹ.ࡹ]� ±ࢉ࢕.ࡱ ࢍࡱ.ࡱ ±ࡱࡱ.ࡹ ࡹࡱ.ࡱ σࢉ.ࡽ+

Þ[ࡹ.ࡹ,ࢉࢅࡱ.ࡱ]�∗ ࢑ࡱ.ࡱ−ࡹࡹ.ࡱ+ࢍࢍ.ࡱ ±ࡽ࢙.ࡱ ࡽࡱ.ࡱ σࢁ.ࡽ+

Þ[ࢍ,ࡹ.ࡹ]�∗ ࢕ࡱ.ࡱ−ࡽࡹ.ࡱ+࢙ࢍ.ࡱ ±ࡱࡱ.ࡹ ࡹࡱ.ࡱ σࢍ.ࡽ+

[ࢍ,ࢅ]〈ࢉ′×〉 ±ࢅࢅ.ࡱ− ࡽࡹ.ࡱ ±ࡽ࢕.ࡱ− ࢕ࡱ.ࡱ σ࢑.ࡽ−

[࢕,ࢍ]〈ࢉ′×〉 ±࢕ࢉ.ࡱ− ࢙ࡱ.ࡱ ±ࢅ࢙.ࡱ− ࢕ࡱ.ࡱ σ࢙.ࡽ−

B[ࢉ,ࡽ]
φµµ ±࢑࢑.ࡱ ࢅࡹ.ࡱ ±ࢉࢉ.ࡹ ࢁࢁ.ࡱ σࡽ.ࡽ+

B[࢕.ࢉ]
φµµ ±ࢍ࢙.ࡱ ࢉࡹ.ࡱ ±࢕࢕.ࡹ ࢙࢕.ࡱ σࡽ.ࡽ+

ețɄſŗț ̇ʚ ʌǫɄʯțƕ ŗƉƉɄȭȭɄƕŗʚƨ ʚǫƨʌƨ ƕƨ˙ǶŗʚǶɄȳʌ ˝ǶʚǫǶȳ ŗțț Ʉʚǫƨɼ ȭƨŗʌʯɼƨȭƨȳʚʌ

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩࢉࡹ



,ʯɼɼƨȳʚ óʚŗʚʯʌ

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩࢍࡹ



¥ƨ˝ ȭƨŗʌʯɼƨȭƨȳʚʌ ࡹࡽࡱࡽ

Þ�p,ſ �ࡱࡽࡱࡽ = ࢅࡹࡱ.ࡱ−ࢅࢉࡱ.ࡱ−ࢍࡹࡱ.ࡱ+ࡱࢍࡱ.ࡱ+ࢍࢅ࢕.ࡱ Þ�p,ſ �çࡹࡽࡱࡽ = ࢅࡱ.ࡱ−ࢅࡹ.ࡱ−ࡽࡱ.ࡱ+ࡱࡽ.ࡱ+ࢍࢍ.ࡱ

Þ�p,ſ �ࡹࡽࡱࡽ = ࡽࡹࡱ.ࡱ−࢙ࢁࡱ.ࡱ−ࢁࡹࡱ.ࡱ+ࡽࢅࡱ.ࡱ+ࢍࢅ࢕.ࡱ Þ�p,ſ ∗�ࡹࡽࡱࡽ = ࢅࡱ.ࡱ−ࢁࡱ.ࡱ−ࢁࡹ.ࡱ+࢕ࡹ.ࡱ+ࡱ࢑.ࡱ

B(#ɾ࢙ࡱࡹ → µµ)İࡱࡽࡱࡽ� = ࢉࢁ.ࡱ−࢑ࢁ.ࡱ+࢙ࢍ.ࡽ ࣯> σࡽ ſƨțɄ˝ ó¡ࣱ

B(#ɾ࢙ࡱࡹ → µµ)�p,ſ ࢑ࡹࡱࡽ = ±ࡱ.ࢁ ࡽ.ࡱ−ࢁ.ࡱ+ࢍ.ࡱ

B(#ɾ࢙ࡱࡹ → µµ)�p,ſ ࡹࡽࡱࡽ = ࡹࡹ.ࡱ−ࢁࢅ.ࡱ−ࢉࡹ.ࡱ+ࢍࢅ.ࡱ+࢙ࡱ.ࢁ

B(#ɾ࢙ࡱࡹ → µµ)�ó ࡹࡽࡱࡽ = ±ࢁ࢙.ࡽ ࢉࢁ.ࡱ σࢁ.ࡽ࣯ ſƨțɄ˝ ó¡ࣱ
B(#ɾ࢙ࡱࡹ → µµ)ee��,ó ࡹࡽࡱࡽ = ±ࢅ࢕.ࡽ ࢁࢁ.ࡱ

B(#ɾ࢙ࡱࡹ → µµ)ó¡ = ±ࢁࢍ.ࢁ ࢁࡹ.ࡱ U"2M2F2- "Q#2i?- ax�7`QM kyRNV

#+ → �∗+µ+µ−࣯�¶ʌࣱ B(#ɾ → φµ+µ−)

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩ࢑ࡹ

S

A

É



¥ƨ˝ ȭƨŗʌʯɼƨȭƨȳʚʌ ࡹࡽࡱࡽ ࢉࡱࡹࡽ ࢑ࡱࡱࢅࣖࡹ

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩ࢕ࡹ



ࡹࡽࡱࡽ bǶʚʌ

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩ࢙ࡹ



ࡹࡽࡱࡽ bǶʚʌ

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩࡱࡽ



ࡹࡽࡱࡽ bǶʚʌ eƨȳǖ ƨʚ ŗț ࣙࡹࡽࡱࡽ �țʚȭŗȳȳʌǫɄǑƨɼࣗ óʚŗȳǖț ࡹࡽࡱࡽ

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩࡹࡽ



ࡹࡽࡱࡽ bǶʚʌ �țʚȭŗȳȳʌǫɄǑƨɼࣗ óʚŗȳǖț ࡹࡽࡱࡽ

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩࡽࡽ



ÿǫƨɄɼ˦

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩࢁࡽ



ÿǫƨɄɼ˦ ɱɼƨƕǶƉʚǶɄȳʌ

! ÿp ɱɼƨƕǶƉʚǶɄȳʌ ɼƨɸʯǶɼƨ ˙ƨɼ˦ Ƕȳ˙Ʉț˙ƨƕ ŗȳƕ ȳɄȳʚɼǶ˙Ƕŗț ɱƨɼʚʯɼſŗʚǶ˙ƨ ŗȳƕ
ȳɄȳࣽɱƨɼʚʯɼſŗʚǶ˙ƨ ƉŗțƉʯțŗʚǶɄȳʌࣖ

! ÿǫƨ ǑŗƉʚ ʚǫŗʚ ΛÜ*3 ! ȣŻ ! ΛBĢ,Λ#ç� ǫƨțɱʌ ŗ țɄʚ

! İƨŗȕ E˽ƨƉʚǶ˙ƨ ÿǫƨɄɼ˦ࣘ

LĢBò = LÜ*3+ÜB3 +
∑

Ǯ
*ǮOǮ

óǫɄɼʚ ƕǶʌʚŗȳƉƨ *Ǯ ȕȳɄ˝ȳ Ƕȳ ó¡ ʚɄ ¥¥�� $Ʉſƨʚǫࣗ ¡ǶʌǶŗȕࣗ Ďɼſŗȳࣗ eɄɼſŗǫȳࣗ pŗǶʌƉǫࣗࣖࣖࣖ

$ó¡ ɱŗɼʚ ɄǑ *Ǯ Ƕʌ ʚǫƨ ʚŗɼǖƨʚ

! ÿǫǶʌ țƨŗ˙ƨʌ ȳɄȳࣽɱƨɼʚʯɼſŗʚǶ˙ƨ ¡Eʌ ŗʌ ʚǫƨ țƨŗƕǶȳǖ Ɖǫŗțțƨȳǖƨ

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩࢅࡽ



ÿǫƨɄɼ˦ ɱɼƨƕǶƉʚǶɄȳʌ

İǫŗʚ ˝ƨ ȳƨƨƕ ƕƨɱƨȳƕʌ Ʉȳ ȭɄƕƨ ŗȳƕ Ʉſʌƨɼ˙ŗſțƨࣖ Eࣖǖࣖࣘ
! #ɪ → $+$− ȳƨƨƕʌ ǋ#ɪ ࣯ʯɱ ʚɄ çE6ࣱࣖࣖࣖ

! #→ 3(∗)$ν ȳƨƨƕʌ țɄƉŗț ǑɄɼȭ ǑŗƉʚɄɼʌ ࢁ࣯ ǑɄɼ 3ࣗ ࢑ ǑɄɼ 3∗ࣱ

! R3(∗) ȳƨƨƕʌ țɄƉŗț ǑɄɼȭ ǑŗƉʚɄɼ ɼŗʚǶɄʌ

! Ż→ ɾ$$ ȳƨƨƕʌ ſɄʚǫ țɄƉŗț ŗȳƕ ȳɄȳࣽțɄƉŗț ǑɄɼȭ ǑŗƉʚɄɼʌ

࣢ B ȳƨƨƕʌ ŗțț ࢁ࣯ ǑɄɼ �ࣗ ࢑ ǑɄɼ �∗,φࣱ
࣢ éŗʚǶɄʌ ʌʯƉǫ ŗʌ ࢉ′× ȳƨƨƕ Ʉȳț˦ ɼŗʚǶɄʌ ࣯ó,Eÿ ਀ pçEÿ ɼƨțŗʚǶɄȳʌࣱ
࣢ R�,�∗,... ࣯�b¥Ďࣱ ŗțȭɄʌʚ ƨ˥ŗƉʚ ƉŗȳƉƨțțŗʚǶɄȳ ɄǑ bbʌ ࣯ſɄʚǫ țɄƉŗț ŗȳƕ
ȳɄȳࣽțɄƉŗțࣱ ˝ǶʚǫǶȳ ó¡ࣗ ſʯʚ ¥¶ÿ Ƕȳ �b¥Ď $ó¡ Ƕȳ ǖƨȳƨɼŗț

࣢ çE6 ƨ˽ƨƉʚʌ ɼƨțƨ˙ŗȳʚ Ƕȳ �b¥Ď ɼŗʚǶɄʌ ŗȳƕ ŗȳǖʯțŗɼ ƕǶʌʚɼǶſʯʚǶɄȳʌ

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩࢉࡽ



�ȳŗʚɄȭ˦ ɄǑ #→ �λ!+!− Ebÿ �ȭɱțǶʚʯƕƨʌ

A�,Þ
λ = Nλ

{
࢙*) ∓ (ࡽɪ)Fλ(ࡱࡹ* +

#�ȣŻࡽ
ɪࡽ

[
Fò࢑*

λ(ɪࡽ)− #�ࡽπࢍࡹ
ȣŻ

Hλ(ɪࡽ)
]}

! �ɄƉŗț ࣯bɄɼȭ bŗƉʚɄɼʌࣱ ࣘ F (ò)
λ (ɪࡽ) = 〈�̄λ(ȋ)| ɾ̄ Γ(ò)

λ Ż |#̄(ȋ+ ɪ)〉

! ¥Ʉȳࣽ�ɄƉŗț ࣘ Hλ(ɪࡽ) = ǮPλµ
∫
Ɛࢅ˕ ƣǮɪ·˕ 〈�̄λ(ȋ)|ò

{
J µ

2K(˕), CǮOǮ(ࡱ)
}
|#̄(ɪ+ ȋ)〉

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩࢍࡽ



�ɄƉŗț bɄɼȭ bŗƉʚɄɼʌ

! ÿ˝Ʉ ȭŗǶȳ ŗɱɱɼɄŗƉǫƨʌࣘ ࣱࡹ࣯ �ŗʚʚǶƉƨ ç,6 ࣯țŗɼǖƨ ɪࣱࡽ ࣱࡽ࣯ �,óéʌ ࣯țɄ˝ ɪࣱࡽ

! ÿ˝Ʉ ŗɱɱɼɄŗƉǫƨʌ ʚɄ �,óéʌࣗ Ƕȳ ʚƨɼȭʌ ɄǑ ࣱࡹ࣯ �∗ �,6�ʌ ࣱࡽ࣯ # �,6�ʌ

! ɪࡽ ƕƨɱƨȳƕƨȳƉƨ Ɖŗȳ ſƨ ɱŗɼŗȭƨʚɼǶ˲ƨƕ ȭɄƕƨțࣽǶȳƕƨɱƨȳƕƨȳʚț˦

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩ࢑ࡽ



�ɄƉŗț bɄɼȭ bŗƉʚɄɼʌ ࣘ ɪࣽࡽƕƨɱƨȳƕƨȳƉƨ ǑɼɄȭ ŗȳŗț˦ʚǶƉǶʚ˦

F (ò)
λ (ɪࡽ) = 〈�̄λ(ȋ)| ɾ̄ Γ(ò)λ Ż |#̄(ȋ+ ɪ)〉 ࣘ �ȳŗț˦ʚǶƉ ʌʚɼʯƉʚʯɼƨ Ƕȳ ɪࡽ ࣘ

F̂ (ò)
λ (ɪࡽ) ≡ (ɪࡽ −ȣࡽ

#∗ɾ
) F (ò)

λ (ɪࡽ) ǫŗʌ ȳɄ ɱɄțƨࣗ Ʉȳț˦ Ɖʯʚࣖ

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩ࢕ࡽ

b

Kuro o

s

0 MBmm
a r



�ɄƉŗț bɄɼȭ bŗƉʚɄɼʌ ࣘ ɪࣽࡽƕƨɱƨȳƕƨȳƉƨ ǑɼɄȭ ŗȳŗț˦ʚǶƉǶʚ˦

! ,ɄȳǑɄɼȭŗț ȭŗɱɱǶȳǖ ࣘ ˢ(ɪࡽ) =
√
ʋ+−ɪࡽ−

√
ʋ+−ʋࡱ√

ʋ+−ɪࡽ+
√
ʋ+−ʋࡱ

! ऐ˲ࣽɱŗɼŗȭƨʚɼǶ˲ŗʚǶɄȳऐ ࣘ F̂ (ò)
λ (ɪࡽ(ˢ)) Ƕʌ ŗȳŗț˦ʚǶƉ Ƕȳ |ˢ| < ࡹ ࣯|ˢɱǫ˦ʌ| < (ࢉࡹ.ࡱ

F (ò)
λ (ɪࡽ) = ࡹ

(ɪࡽ −ȣࡽ
#∗ɾ

)

∑

ȋ
αȋ ˢ(ɪࡽ)ȋ

$Ʉʯɼɼƨț ࣗ˦ ,ŗɱɼǶȳǶࣗ �ƨțțɄʯƉǫࣙ $Ʉ˦ƕࣗ eɼǶȳʌʚƨǶȳࣗ �ƨſƨƕࣙ ,ŗɱɼǶȳǶࣗ �ƨțțɄʯƉǫࣗ ¥ƨʯſƨɼʚࣙ ࣖࣖࣖ

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩ࢙ࡽ



�ɄƉŗț bɄɼȭ bŗƉʚɄɼʌ ࣘ ¥ƨ˝ bǶʚʌ ʚɄ ࣯$ࣽ6�ʌࣱ �,óéʌ ॻ �ç,6

! #→ �$$

°15 °10 °5 0 5 10 15 20 25

q2 [GeV2]
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f i

EOS v0.3.3
f+

LCSR (GKvD2018)

LQCD (HPQCD2013)

eʯſƨɼȳŗɼǶࣗ éƨſɄʯƕࣗ ˙ŗȳ 6˦ȕࣗ ĬǶɼʚɄࣗ ˝ࣖǶࣖɱࣖ

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩࡱࢁ



�ɄƉŗț bɄɼȭ bŗƉʚɄɼʌ ࣘ ¥ƨ˝ bǶʚʌ ʚɄ ࣯$ࣽ6�ʌࣱ �,óéʌ ॻ �ç,6

! #→ �∗$$
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q2 [GeV2]
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EOS v0.3.3
V

LCSR (GKvD2018)

LQCD (HLMW2015)

eʯſƨɼȳŗɼǶࣗ éƨſɄʯƕࣗ ˙ŗȳ 6˦ȕࣗ ĬǶɼʚɄࣗ ˝ࣖǶࣖɱࣖ

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩࡹࢁ



�ɄƉŗț bɄɼȭ bŗƉʚɄɼʌ ࣘ ¥ƨ˝ bǶʚʌ ʚɄ ࣯$ࣽ6�ʌࣱ �,óéʌ ॻ �ç,6

! #ɾ → φ$$

°15 °10 °5 0 5 10 15 20

q2 [GeV2]

0.00
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1.75

2.00

V
,A

i

EOS v0.3.3
V

LCSR (GKvD2018)

LQCD (HLMW2015)

eʯſƨɼȳŗɼǶࣗ éƨſɄʯƕࣗ ˙ŗȳ 6˦ȕࣗ ĬǶɼʚɄࣗ ˝ࣖǶࣖɱࣖ

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩࡽࢁ



�ɄƉŗț bɄɼȭ bŗƉʚɄɼʌ ࣘ bǶȳǶʚƨࣽ˝Ƕƕʚǫ ƨ˽ƨƉʚʌ 6ƨʌƉɄʚƨʌࣽeƨȳɄȳࣗ �ǫɄƕȍŗȭǶɼǶŗȳࣗ ĬǶɼʚɄࣗ ࢑ࢍࡽࡽࡱࣖ࢕ࡱ࢙ࡹ

Zero-width limit
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࣯,ɼʯƉǶŗț Ƕȳɱʯʚࣘ τ → �πνࣱ

W�∗ ( +ࡹ ࢙.ࡹ Γ�∗

ȣ�∗

W�∗ = ±࢙ࡱ.ࡹ ࡹࡱ.ࡱ

! W�∗ Ƕʌ Ƕȳƕƨɱƨȳƕƨȳʚ ɄǑ
ʚǫƨ ǑɄɼȭ ǑŗƉʚɄɼ ʚ˦ɱƨ

! W�∗ Ƕʌ Ƕȳƕƨɱࣖ ɄǑ ɪࡽ

⇒ $éʌ ŗɼƨ ƉɄɼɼƨƉʚƨƕ ſ˦ ŗ ǑŗƉʚɄɼ |W�∗ ࡽ| ( ࣖࡽ.ࡹ éŗʚǶɄʌ ʯȳŗ˽ƨƉʚƨƕࣖ

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩࢁࢁ



�ɄƉŗț bɄɼȭ bŗƉʚɄɼʌ ࣘ $ƨ˦Ʉȳƕ ʚǫƨ (ࡽ࢙࢕)∗� 6ƨʌƉɄʚƨʌࣽeƨȳɄȳࣗ �ǫɄƕȍŗȭǶɼǶŗȳࣗ ĬǶɼʚɄࣗ ࢑ࢍࡽࡽࡱࣖ࢕ࡱ࢙ࡹ

óƨʚ F�∗(ࡱࡹࢅࡹ) = αF�∗(ࡽ࢙࢕) ˝Ƕʚǫ α ŗ ̈ɄŗʚǶȳǖ ɱŗɼŗȭƨʚƨɼ
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α = ࡹ : F�∗,⊥(ࡱ) = ࢕ࡽ.ࡱ ; α = ࡱࡹ : F�∗,⊥(ࡱ) = ࡽࡽ.ࡱ ; α = ࡱࢉ : F�∗,⊥(ࡱ) = ࡹࡹ.ࡱ .

,ɄȳʌʚɼŗǶȳƨƕ ſ˦ ŗȳǖʯțŗɼ ȭƨŗʌʯɼƨȭƨȳʚʌ Ʉȳ ࡱࢁࢅࡹ ɼƨǖǶɄȳ ࣯�p,ſࣱ

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩࢅࢁ



¥Ʉȳࣽ�ɄƉŗț bɄɼȭ bŗƉʚɄɼʌ

A�,Þ
λ = Nλ

{
࢙*) ∓ (ࡽɪ)Fλ(ࡱࡹ* +

#�ȣŻࡽ
ɪࡽ

[
Fò࢑*

λ(ɪࡽ)− #�ࡽπࢍࡹ
ȣŻ

Hλ(ɪࡽ)
]}

! �ɄƉŗț ࣯bɄɼȭ bŗƉʚɄɼʌࣱ ࣘ F (ò)
λ (ɪࡽ) = 〈�̄λ(ȋ)| ɾ̄ Γ(ò)

λ Ż |#̄(ȋ+ ɪ)〉

! ¥Ʉȳࣽ�ɄƉŗț ࣘ Hλ(ɪࡽ) = ǮPλµ
∫
Ɛࢅ˕ ƣǮɪ·˕ 〈�̄λ(ȋ)|T

{
J µ

2K(˕), CǮOǮ(ࡱ)
}
|#̄(ɪ+ ȋ)〉

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩࢉࢁ



¥ɄȳࣽțɄƉŗț ǑɄɼȭ ǑŗƉʚɄɼʌࣘ ¶ɱƨɼŗʚɄɼ âɼɄƕʯƉʚ E˥ɱŗȳʌǶɄȳ

Hµ(ɪ, ȋ) = Ǯ
∫
Ɛࢅ˕ ƣǮɪ·˕ 〈�̄λ(ȋ)|T

{
J µ

2K(˕), CǮOǮ(ࡱ)
}
|#̄(ɪ+ ȋ)〉

࣢ �ŗɼǖƨࣽɪࣘࡽ 6ɄȭǶȳŗʚƨƕ ſ˦ ˕ ∼ ࡱ ࣯ʌǫɄɼʚࣽƕǶʌʚŗȳƉƨ ƕɄȭǶȳŗȳƉƨ ࣽ ¶âEࣱ
eɼǶȳʌʚƨǶȳࣗ âǶɼȍɄțࣙ $ƨ˦țǶƉǫࣗ $ʯƉǫŗțțŗࣗ bƨțƕȭŗȳȳ

࣢ �Ʉ˝ࣽɪࣘࡽ 6ɄȭǶȳŗʚƨƕ ſ˦ ࡽ˕ ∼ ࡱ ࣯țǶǖǫʚࣽƉɄȳƨ ƕɄȭǶȳŗȳƉƨ ࣽ �,¶âEࣱ
�ǫɄƕȍŗȭǶɼǶŗȳࣗ ¡ŗȳȳƨțࣗ âǶ˙Ʉ˙ŗɼɄ ࣗ̇ İŗȳǖ

ॻ ¡ʯʌʚ ŗȳŗț˦ʚǶƉŗțț˦ࣽƉɄȳʚǶȳʯƨ ǑɼɄȭ ¶âE ɼƨǖǶɄȳ ʚɄ ɱǫ˦ʌǶƉŗț ɼƨǖǶɄȳ

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩࢍࢁ

LCOPE physicalregion MBMN opeg p 79



¥ɄȳࣽțɄƉŗț ǑɄɼȭ ǑŗƉʚɄɼʌࣘ yȭɱɄɼʚŗȳƉƨ ɄǑ Ʉȳࣽʌǫƨțț Ɖʯʚʌ

! ç,6 bŗƉʚɄɼǶ˲ŗʚǶɄȳ $ƨȳƨȕƨࣗ bƨțƕȭŗȳȳࣗ óƨǶƕƨț ࡹࡱࡱࡽ

Hλ(ɪࡽ) ∼ ∆*λ࢙ (ɪࡽ)Fλ(ɪࡽ) +
ࡹ
ɪࡽ

∆*λ࢑ (ɪࡽ)Fò
λ(ɪࡽ) + lçç+O(Λ/ȣ#,Λ/B)

! yʚ Ƕʌ ŗʌʌʯȭƨƕ ʚǫŗʚ ʚǫƨ Ɖǫŗɼȭ țɄɄɱ Ƕʌ ƕɄȭǶȳŗʚƨƕ ſ˦ ʌǫɄɼʚ ƕǶʌʚŗȳƉƨʌ

! �Ƕȳȕ ŗʚ ɪࡽ = ࡽȣࢅ
ƅ ʌ˦ȭɱʚɄȭ ɄǑ ſɼƨŗȕǶȳǖ ɄǑ ɱƨɼʚʯɼſŗʚǶ˙Ƕʚ˦

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩ࢑ࢁ



¥ɄȳࣽțɄƉŗț ǑɄɼȭ ǑŗƉʚɄɼʌࣘ ç,6b

İǫŗʚ Ƕʌ ç,6 bŗƉʚɄɼǶ˲ŗʚǶɄȳ ƕɄǶȳǖ ǑɄɼ ʯʌࣞ $ƨȳƨȕƨࣗ bƨțƕȭŗȳȳࣗ óƨǶƕƨț ࡹࡱࡱࡽ
$ƨȳƨȕƨࣗ $ʯƉǫŗțțŗࣗ ¥ƨʯſƨɼʚࣗ óŗƉǫɼŗȍƕŗ ࢙ࡱࡱࡽ

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩ࢕ࢁ
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�ɱɱɼɄŗƉǫƨʌ ʚɄ ʚǫƨ ɱɼɄſțƨȭ

! Ďʌƨ ç,6b ƕǶɼƨƉʚț˦ Ʉȳ ʚǫƨ ɱǫ˦ʌǶƉŗț ʚǶȭƨțǶȕƨ ɪࡽ ɼƨǖǶɄȳࣖ
6ǶʌƉʯʌʌǶɄȳʌ ˝ǫƨʚǫƨɼ ʚɄ ʯʌƨ ʚǫƨ ,ࢍ] ࡽeƨĬ[࢕ ſǶȳ Ʉɼ ȳɄʚࣖ

! Ďʌƨ ç,6b ŗʚ ˙ƨɼ˦ țɄ˝ ɪࡽ ࣯Ʉɼ ſƨʚʚƨɼࣗ ɪࡽ < ࣱࣗࣛࡱ ŗȳƕ ƨ˥ʚɼŗɱɄțŗʚƨ ࣯Ʉɼ
ǶȳʚƨɼɱɄțŗʚƨࣱࣛ ʌɄȭƨǫɄ˝ ʚɄ ǫǶǖǫƨɼ ɪࣖࡽ

! 6Ʉ ȳɄʚ ʯʌƨ ŗȳ˦ ʚǫƨɄɼ˦ ŗȳƕ ʯʌƨ ƕŗʚŗ ʚɄ ̇ʚ ʚɄ ʌɄȭƨ ǖǶ˙ƨȳ ɪࡽ ʌǫŗɱƨࣖ

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩ࢙ࢁ



¥ɄȳࣽțɄƉŗț ǑɄɼȭ ǑŗƉʚɄɼʌࣘ ¶ɱƨɼŗʚɄɼ âɼɄƕʯƉʚ E˥ɱŗȳʌǶɄȳ ࣯�âࣱ

İƨ ˝ɼǶʚƨ

Hµ(ɪ, ȋ) = 〈�̄λ(ȋ)|Kµ(ɪ)|#̄(ɪ+ ȋ)〉

İǶʚǫ ʚǫƨ ɄɱƨɼŗʚɄɼ Kµ(ɪ) ǖǶ˙ƨȳ ſ˦

Kµ(ɪ) = Ǯ
∫
Ɛࢅ˕ ƣǮɪ·˕ T

{
J µ

2K(˕), CǮOǮ(ࡱ)
}

yʚ ʚʯɼȳʌ Ʉʯʚ ʚǫŗʚࣘ �ƨŗƕǶȳǖࣽɱɄ˝ƨɼ ¶âE ঋ �ƨŗƕǶȳǖࣽɱɄ˝ƨɼ �,¶âE

Kµ
PS1(ɪ) = (ࡽɪ)࢙*∆

(
ɪµɪν − ɪࡽǐµν

)
ɾ̄γν×�Ż+∆*࢑(ɪࡽ) ǮȣŻࡽ ɾ̄σµνɪν×ÞŻ+ · · ·

İǶʚǫ ʚǫǶʌ ˝ƨ ǫŗ˙ƨࣘ

Hµ
PS1(ɪ, ȋ) = (ࡽɪ)࢙*∆

(
ɪµɪν − ɪࡽǐµν

)
Fν + Fòµ(ࡽɪ)࢑*∆ǮȣŻࡽ + · · ·

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩࡱࢅ



¡ŗʚƉǫǶȳǖ ƉŗțƉʯțŗʚǶɄȳ ŗʚ ¥�¶ �ʌŗʚɼǶŗȳࣗ eɼƨʯſࣗ ĬǶɼʚɄ ࢙ࡹࡱࡽ

¶ſȍƨƉʚǶ˙ƨࣘ bʯțț˦ ŗȳŗț˦ʚǶƉŗț ƉŗțƉʯțŗʚǶɄȳ Ƕȳ ʚ˝Ʉ ˙ŗɼǶŗſțƨʌࣘ ɪࡽ ŗȳƕ ȣƅࣖ

⇒ eǶ˙ƨʌ (ࡽɪ)࢙*∆ ŗȳƕ (ࡽɪ)࢑*∆ ŗʚ O(αࡽɾ)ࣖ

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩࡹࢅ

Dca 06s and Sego Is a log 4mi g



¡ŗʚƉǫǶȳǖ ƉŗțƉʯțŗʚǶɄȳ ŗʚ ¥�¶ �ʌŗʚɼǶŗȳࣗ eɼƨʯſࣗ ĬǶɼʚɄ ࢙ࡹࡱࡽ

éƨʌʯțʚʌࣘ ,ɄȭɱŗɼǶʌɄȳ ʚɄ ɱɼƨ˙ǶɄʯʌ ƉŗțƉʯțŗʚǶɄȳʌࣘ ࣯�ʌŗʚɼǶŗȳ ƨʚ ŗțࣱ
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�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩࡽࢅ



¡ŗʚƉǫǶȳǖ ƉŗțƉʯțŗʚǶɄȳ ŗʚ ¥�¶ �ʌŗʚɼǶŗȳࣗ eɼƨʯſࣗ ĬǶɼʚɄ ࢙ࡹࡱࡽ

,ǫƨƉȕǶȳǖ ŗȳŗț˦ʚǶƉ ʌʚɼʯƉʚʯɼƨ ɄǑ H(ɪࡽ)

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩࢁࢅ
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¡ŗʚƉǫǶȳǖ ƉŗțƉʯțŗʚǶɄȳ ŗʚ ¥�¶ �ʌŗʚɼǶŗȳࣗ eɼƨʯſࣗ ĬǶɼʚɄ ࢙ࡹࡱࡽ

,ǫƨƉȕǶȳǖ ŗȳŗț˦ʚǶƉ ʌʚɼʯƉʚʯɼƨ ɄǑ H(ɪࡽ)

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩࢅࢅ
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¡ŗʚƉǫǶȳǖ ƉŗțƉʯțŗʚǶɄȳ ŗʚ ¥�¶ �ʌŗʚɼǶŗȳࣗ eɼƨʯſࣗ ĬǶɼʚɄ ࢙ࡹࡱࡽ

,ǫƨƉȕǶȳǖ ŗȳŗț˦ʚǶƉ ʌʚɼʯƉʚʯɼƨ ɄǑ H(ɪࡽ)

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩࢉࢅ

Ta s



¡ŗʚƉǫǶȳǖ ƉŗțƉʯțŗʚǶɄȳ ŗʚ ¥�¶ �ʌŗʚɼǶŗȳࣗ eɼƨʯſࣗ ĬǶɼʚɄ ࢙ࡹࡱࡽ

,ǫƨƉȕǶȳǖ ŗȳŗț˦ʚǶƉ ʌʚɼʯƉʚʯɼƨ ɄǑ H(ɪࡽ)

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩࢍࢅ

sire
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óʯſțƨŗƕǶȳǖ �,¶âE ƉɄȳʚɼǶſʯʚǶɄȳʌ

! �,óéʌ ˝Ƕʚǫ #ࣽȭƨʌɄȳ 6�ʌ �ǫɄƕȍŗȭǶɼǶŗȳࣗ ¡ŗȳȳƨțࣗ âǶ˙Ʉ˙ŗɼɄ ࣗ̇ İŗȳǖ

�, ƨ˥ɱࣖ ɄǑ Ɖǫŗɼȭ ɱɼɄɱࣖ $ŗțǶʚʌȕ ࣗ˦ $ɼŗʯȳ ࢙࢕࢙ࡹ

ɪࢅ&ࡽȣࡽƅ−−−−−→
ࡹ*)
ࢁ

+ ࡽ*
)
ǐ(ȣࡽ

ƅ, ɪࡽ)
︸ ︷︷ ︸

K�i+?BM; +Q277

[ɾ̄ Γ Ż] + · · ·

⇒ Hλ = (K�i+?BM; +Q277)× F�*çÞ
λ

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩ࢑ࢅ



óʯſțƨŗƕǶȳǖ �,¶âE ƉɄȳʚɼǶſʯʚǶɄȳʌ

! �,óéʌ ˝Ƕʚǫ #ࣽȭƨʌɄȳ 6�ʌ �ǫɄƕȍŗȭǶɼǶŗȳࣗ ¡ŗȳȳƨțࣗ âǶ˙Ʉ˙ŗɼɄ ࣗ̇ İŗȳǖ

ɱŗɼʚǶƉțƨࣽࢁ ƉɄɼɼƨƉʚǶɄȳ ʚɄ Fλ −→

�, ƨ˥ɱࣖ ɄǑ Ɖǫŗɼȭ ɱɼɄɱࣖ $ŗțǶʚʌȕ ࣗ˦ $ɼŗʯȳ ࢙࢕࢙ࡹ

ɪࢅ&ࡽȣࡽƅ−−−−−→
ࡹ*)
ࢁ

+ ࡽ*
)
ǐ(ȣࡽ

ƅ, ɪࡽ)
︸ ︷︷ ︸

K�i+?BM; +Q277

[ɾ̄ Γ Ż]+

+ (+Q277)× [ ɾ̄�γα(Ǯȩ+ · D)ȩãβγŻ� ] + · · ·

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩ࢕ࢅ



óʯſțƨŗƕǶȳǖ �,¶âE ƉɄȳʚɼǶſʯʚǶɄȳʌ

éƨƉŗțƉʯțŗʚǶɄȳ ɄǑ ƉǫŗɼȭࣽțɄɄɱ ƨ˽ƨƉʚ eʯſƨɼȳŗɼǶࣗ ˙ŗȳ 6˦ȕࣗ ĬǶɼʚɄࣗ ࢁࡹ࢕࢙ࡱࣖࡹࡹࡱࡽ

! İƨ ɼƨɱɼɄƕʯƉƨ ʚǫƨ ɼƨʌʯțʚ ɄǑ �¡âİऒࡱࡹࡱࡽ

! İƨ ǶȳƉʯƕƨ ƉɄȭɱțƨʚƨ ʌƨʚ ɄǑ ɱŗɼʚǶƉțƨࣽࢁ �,6�ʌ $ɼŗʯȳࣗ�Ƕࣗ¡ŗȳŗʌǫɄ˙ ࢑ࡹࡱࡽ

! ,ŗȳƉƨțțŗʚǶɄȳʌ ॻ âŗɼŗȭƨʚɼǶƉ țƨŗƕ ʚɄ ŗ ɼƨƕʯƉʚǶɄȳ ɄǑ ʚǫƨ ƨ˽ƨƉʚ ɄǑ ʚ˝Ʉ Ʉɼƕƨɼʌ ɄǑ ȭŗǖȳǶʚʯƕƨ

! �ɄƉŗț ȭŗʚɼǶ˥ ƨțƨȭƨȳʚʌ λB,l ƉɼʯƉǶŗț Ƕȳ ʚǫǶʌ ƉŗȳƉƨțțŗʚǶɄȳࣖ éƨ˙ǶʌǶʚ ࣯ʌƨƨ ƨࣖǖࣖ éŗǫǶȭǶࣗ İŗțƕ ࣱࡱࡽࡱࡽ

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩ࢙ࢅ



�ȳŗț˦ʚǶƉ ƉɄȳʚǶȳʯŗʚǶɄȳ ʚɄ ɱǫ˦ʌǶƉŗț ɪࡽ $Ʉſƨʚǫࣗ ,ǫɼ˲ŗʌ˲Ɖ˲ࣗ ˙ŗȳ 6˦ȕࣗ ĬǶɼʚɄ ࢑ࡹࡱࡽ

ˢࣽɱŗɼŗȭƨʚɼǶʌŗʚǶɄȳ ǑɄɼ Hλ(ɪࡽ)

! Ĥλ(ɪࡽ(ˢ)) = (ɪࡽ − ψ)(ɪ/�ࡽ�
ࡽ − (ࡽɪ)Hλ((çࡽ)ψࡽ� Ƕʌ ŗȳŗț˦ʚǶƉ Ƕȳ |ˢ| < ࡹ

! ÿŗ˦țɄɼ ƨ˥ɱŗȳƕ Ĥλ(ˢ) ŗɼɄʯȳƕ ˢ = ࣘࡱ Ĥλ(ˢ) =
[∑�

ȋ=ࡱ α
(λ)
ȋ ˢȋ

]
Fλ(ˢ)

! E˥ɱŗȳʌǶɄȳ ȳƨƨƕƨƕ ǑɄɼ |ˢ| < ࡽࢉ.ࡱ ࣯ ࢑− eƨĬࡽ ≤ ɪࡽ ≤ ࡽeƨĬࢅࡹ ࣱ ࣱ࣯ࣣࣣࣣࣣࣣ
�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩࡱࢉ



E˥ɱƨɼǶȭƨȳʚŗț ƉɄȳʌʚɼŗǶȳʚʌ Ʉȳ ˢ ɱŗɼŗȭƨʚɼǶʌŗʚǶɄȳ

$Ʉſƨʚǫࣗ ,ǫɼ˲ŗʌ˲Ɖ˲ࣗ ˙ŗȳ 6˦ȕࣗ ĬǶɼʚɄ ࢑ࡹࡱࡽ

E˥ɱƨɼǶȭƨȳʚŗț ƉɄȳʌʚɼŗǶȳʚʌ ࣘ
! ÿǫƨ ɼƨʌǶƕʯƨʌ ɄǑ ʚǫƨ ɱɄțƨʌ ŗɼƨ ǖǶ˙ƨȳ ſ˦ #→ �∗ψȩ ࣘ

Hλ(ɪࡽ → ࡽ�
ψȩ) ∼

�ψȩ ǋ ∗ψȩA
ψȩ
λ

ࡽ�
#(ɪࡽ ࡽ�−

ψȩ
)
+ · · ·

! �ȳǖʯțŗɼ ŗȳŗț˦ʌƨʌ $ƨțțƨࣗ $ŗſŗɼࣗ �p,ſ ƕƨʚƨɼȭǶȳƨ ࣘ

|ɮψȩ⊥ |, |ɮψȩ‖ |, |ɮψȩࡱ |, arg{ɮψȩ⊥ ɮψȩ∗ࡱ }, arg{ɮψȩ‖ ɮψȩ∗ࡱ },

˝ǫƨɼƨ ɮψȩλ ≡ Res
ɪࡽ�→ࡽ

ψȩ

Hλ(ɪࡽ)
Fλ(ɪࡽ)

∼
�ψȩ ǋ∗ψȩA

ψȩ
λ

ࡽ�
# Fλ(ࡽ�

ψȩ
)

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩࡹࢉ



bǶʚ ʚɄ ˢࣽɱŗɼŗȭƨʚɼǶʌŗʚǶɄȳ $Ʉſƨʚǫࣗ ,ǫɼ˲ŗʌ˲Ɖ˲ࣗ ˙ŗȳ 6˦ȕࣗ ĬǶɼʚɄ ࢑ࡹࡱࡽ

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩࡽࢉ



âɼɄʌɱƨƉʚʌࣘ �p, éʯȳࣽࡽ ʯȳſǶȳȳƨƕ ̇ʚʌ ʚɄ ˲ࣽɱŗɼŗȭƨʚɼǶ˲ŗʚǶɄȳ

,ǫɼ˲ŗʌ˲Ɖ˲ࣗ ¡ŗʯɼǶࣗ óƨɼɼŗࣗ ,ɄʯʚǶȳǫɄࣗ ˙ŗȳ 6˦ȕ ࢕࢑ࢁࢍࡱࣖࢉࡱ࢕ࡹ ¡ŗʯɼǶࣗ óƨɼɼŗࣗ ,ɄʯʚǶȳǫɄ ࡹࡱࢅࢍࡱࣖࢉࡱ࢕ࡹ

ĎȳſǶȳȳƨƕ ̇ʚʌ ʚɄ # → �∗µµ ࣯�ƨǒʚࣱ ŗȳƕ # → �∗** ࣯éǶǖǫʚࣱ

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩࢁࢉ

to have a bound



6ǶʌɱƨɼʌǶ˙ƨ ſɄʯȳƕ eʯſƨɼȳŗɼǶࣗ ˙ŗȳ 6˦ȕࣗ ĬǶɼʚɄ ࡱࡽࡱࡽ

Πµν(ɪ) ≡ Ǯ
∫
Ɛࢅ˕ ƣǮɪ·˕〈ࡱ|ò

{
­µ(ɪ; ˕),­ν,†(ɪ; (ࡱ

}
〈ࡱ| =

(
ɪµɪν
ɪࡽ − ǐµν

)
Π(ɪࡽ)

pƨɼƨࣗ ʚǫƨ ɄɱƨɼŗʚɄɼʌ ­µ(ɪ; ˕) ŗȳƕ ­†,ν(ɪ; (ࡱ ŗɼƨ ƕƨ̇ȳƨƕ ŗʌ

­µ(ɪ; ˕) =
(
Ǯࡽπࢍࡹ−
ɪࡽ

)∫
Ɛࢅ˖ ƣ+Ǯɪ·˖ ò

{
ȃµƨȭ(˕+ ˖), ࡹOࡹ*) + (˕)(ࡽOࡽ*

}
,

­ν,†(ɪ; (ࡱ =
(
Ǯࡽπࢍࡹ+
ɪࡽ

)∫
Ɛࢅˢ ƣ−Ǯɪ·ˢ ò

{
ȃνƨȭ(ˢ), ࡹOࡹ*) + (ࡽOࡽ*

(ࡱ)†
}
.

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩࢅࢉ
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6ǶʌɱƨɼʌǶ˙ƨ ſɄʯȳƕ eʯſƨɼȳŗɼǶࣗ ˙ŗȳ 6˦ȕࣗ ĬǶɼʚɄ ࡱࡽࡱࡽ

ÿ˝ǶƉƨࣽʌʯſʚɼŗƉʚƨƕ ƕǶʌɱƨɼʌǶɄȳ ɼƨțŗʚǶɄȳࣘ

χ¶âE(Üࡽ) ≡ ࡹ
Ǯπࡽ

∞∫

ࡱ

Ɛɾ 6ǶʌƉŻɾ̄Π
ǫŗƕ(ɾ)

(ɾ− Üࢁ(ࡽ

ࢁ
ࢁǮπࡽࢁ

6ǶʌƉŻɾ̄Πǫŗƕ(ɾ) =
#ࢅ�ࡽ λࡽ�,#ࡽ�)ࡽ/ࢁ�, ɾ)

ɾࢅ
∣∣∣H#→�

ࡱ (ɾ)
∣∣∣
ࡽ
θ(ɾ− ɾ#�)

+
#ࢍ�ࡽ

√
λ(ࡽ�# ∗�ࡽ�, , ɾ)
ɾࢁ

(∣∣∣H#→�∗
⊥ (ɾ)

∣∣∣
ࡽ
+
∣∣∣H#→�∗

‖ (ɾ)
∣∣∣
ࡽ
+
#ࡽ�
ɾ

∣∣∣H#→�∗
ࡱ (ɾ)

∣∣∣ ࡽ
)

θ(ɾ− ɾ#�∗ )

+
#ࢍ�
√

λ(ࡽ�#ɾ ,�
ࡽ
φ, ɾ)

ɾࢁ

(∣∣∣H#ɾ→φ
⊥ (ɾ)

∣∣∣
ࡽ
+
∣∣∣H#ɾ→φ

‖ (ɾ)
∣∣∣
ࡽ
+
ɾ#ࡽ�
ɾ

∣∣∣H#ɾ→φ
ࡱ (ɾ)

∣∣∣
ࡽ
)

θ(ɾ− ɾ#ɾφ)

+ Ǒʯɼʚǫƨɼ ɱɄʌǶʚǶ˙ƨ ʚƨɼȭʌ

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩࢉࢉ
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6ǶʌɱƨɼʌǶ˙ƨ ſɄʯȳƕ eʯſƨɼȳŗɼǶࣗ ˙ŗȳ 6˦ȕࣗ ĬǶɼʚɄ ࡱࡽࡱࡽ

éƨƕƨ̇ȳƨ HǮ ŗʌ ſƨǑɄɼƨࣘ

Ĥ#→×
ࡱ (ˢ) ≡ φ#→×

ࡱ (ˢ)P(ˢ)H#→×
ࡱ (ˢ) ,

Ĥ#→Ğ
λ (ˢ) ≡ φ#→×

λ (ˢ)P(ˢ)H#→×
λ (ˢ) ,

E˥ɱŗȳƕ Ƕȳ ɄɼʚɄǖɄȳŗț ɱɄț˦ȳɄȭǶŗțʌ Ƕȳ ʯȳǶʚ ƉǶɼƉțƨࣘ

Ĥ#→�
λ (ˢ) =

∞∑

ȩ=ࡱ
ŗ#→�
λ,ȩ ɤ#→�

ȩ (ˢ)

ÿǫƨ ƕǶʌɱƨɼʌǶ˙ƨ ſɄʯȳƕ ʚǫƨȳ ʚŗȕƨʌ ʚǫƨ ʌǶȭɱțƨ ǑɄɼȭ

∞∑

ȩ=ࡱ




ࡽ
∣∣∣ŗ#→�
ȩ,ࡱ

∣∣∣
ࡽ
+

∑

λ=⊥,‖,ࡱ

[
ࡽ
∣∣∣ŗ#→�∗
λ,ȩ

∣∣∣
ࡽ
+

∣∣∣ŗ#ɾ→φ
λ,ȩ

∣∣∣
[ࡽ



 < ࡹ .

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩࢍࢉ
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6ǶʌɱƨɼʌǶ˙ƨ ſɄʯȳƕ eʯſƨɼȳŗɼǶࣗ ˙ŗȳ 6˦ȕࣗ ĬǶɼʚɄ ࡱࡽࡱࡽ

E˥ŗȭɱțƨࣘ ∆*#→�
(ࡽɪ)ǫŗƕ,࢙ =

ࡽ�ࡽπࡽࢁ
#

ɪࡽ
H#→�
ࡱ (ɪࡽ)

F#→�
ࡱ (ɪࡽ)

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩ࢑ࢉ
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eʯſƨɼȳŗɼǶࣗ éƨſɄʯƕࣗ ˙ŗȳ 6˦ȕࣗ ĬǶɼʚɄࣗ ˝ࣖǶࣖɱ

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩ࢕ࢉ



eʯſƨɼȳŗɼǶࣗ éƨſɄʯƕࣗ ˙ŗȳ 6˦ȕࣗ ĬǶɼʚɄࣗ ˝ࣖǶࣖɱ

¶$�E,ÿyĬEࣘ
âƨɼǑɄɼȭ ŗ ǖțɄſŗț ŗȳŗț˦ʌǶʌ ɄǑ #ʠ,Ɛ → �(∗)µ+µ− ŗȳƕ #ɾ → φµ+µ− ǶȳƉțʯƕǶȳǖࣘ

࣢ Ďɱƕŗʚƨƕ ʯȳǶ̇ƨƕ ̇ʚʌ ʚɄ �ç,6 ŗȳƕ �,óéʌ ˝Ƕʚǫ $ࣽȭƨʌɄȳ �,6�ʌ ǑɄɼ ŗțț
�ɄƉŗț bɄɼȭ bŗƉʚɄɼʌࣖ

࣢ bǶȳǶʚƨࣽ˝Ƕƕʚǫ ƨ˽ƨƉʚ ǑɄɼ țɄƉŗț #ʠ,Ɛ → �∗ ǑɄɼȭ ǑŗƉʚɄɼʌࣖ

࣢ ețɄſŗț ƕƨʚƨɼȭǶȳŗʚǶɄȳ ɄǑ ˲ࣽƨ˥ɱŗȳʌǶɄȳ ɱŗɼŗȭƨʚƨɼʌ ǑɄɼ ŗțț ¥Ʉȳࣽ�ɄƉŗț
bɄɼȭ ǑŗƉʚɄɼʌࣗ ǶȳƉțʯƕǶȳǖࣘ

࣢ Ďɱƕŗʚƨƕ ƉŗțƉʯțŗʚǶɄȳʌ ɄǑ ʚǫƨɄɼ˦ ɱɄǶȳʚʌ ŗʚ ɪࡽ < ࣖࡱ

࣢ ࣯ĎɱࣽʚɄࣽƕŗʚƨࣱ E˥ɱƨɼǶȭƨȳʚŗț ƕŗʚŗ Ʉȳ #→ � �/ψ ʚɄ ̇˥ H#→�
ƅ,λ ࡽ�)

�/ψ)ࣖ

࣢ ĎȳǶʚŗɼǶʚ˦ ſɄʯȳƕ ǑɄɼ ˢࣽƨ˥ɱŗȳʌǶɄȳ ƉɄƨ˾ƉǶƨȳʚʌ

࣢ ețɄſŗț ¥â ̇ʚ ʚɄ ࡱࡹ,࢙* ʯʌǶȳǖ ʚǫƨ yȭɱɼɄ˙ƨƕ ó¡ ɱɼƨƕǶƉʚǶɄȳʌ ǑɼɄȭ ŗſɄ˙ƨࣖ

�ŗ˙Ƕƨɼ ĬǶɼʚɄ ¥ƨʯʚɼŗțࣽ,ʯɼɼƨȳʚ # ŗȳɄȭŗțǶƨʌ �ʯȳƨ ʚǫࣗࡱࡹ ࡹࡽࡱࡽ ࢁࢍࣩ࢙ࢉ



ó¡ âɼƨƕǶƉʚǶɄȳʌ eʯſƨɼȳŗɼǶࣗ éƨſɄʯƕࣗ ˙ŗȳ 6˦ȕࣗ ĬǶɼʚɄࣗ ˝ࣖǶࣖɱ
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ó¡ âɼƨƕǶƉʚǶɄȳʌ eʯſƨɼȳŗɼǶࣗ éƨſɄʯƕࣗ ˙ŗȳ 6˦ȕࣗ ĬǶɼʚɄࣗ ˝ࣖǶࣖɱ

2 4 6 8

q2 [GeV2]

0.00000

0.00002

0.00004

0.00006

0.00008

0.00010

1
B(

B
!

K
§ J

/√
)

dB
(B

!
K

§ µ
µ
)

dq
2

[G
eV

°
2
]

EOS v1.0.1 NP bfp

This work

LHCb:2016A

BaBar:2012A

CMS:2013A

CMS:2015A

Experimental J/√ veto

2 4 6 8

q2 [GeV2]

°1.00

°0.75

°0.50

°0.25

0.00

0.25

0.50

0.75

1.00

P
0 5
(B

!
K

§ µ
µ
)

EOS v1.0.1 NP bfp

This work

LHCb:2020A

ATLAS:2018B

Experimental J/√ veto
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¥â ̇ʚʌ eʯſƨɼȳŗɼǶࣗ éƨſɄʯƕࣗ ˙ŗȳ 6˦ȕࣗ ĬǶɼʚɄࣗ ˝ࣖǶࣖɱ
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B ! Kµµ + Bs ! µµ
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NP PATTERNS BEHIND b SPY ANOMALIES I 2014

UNDERSTANDING NP in b SHE REQUIRES A GOOD

CONTROL OF NON LOCAL FORM FACTORS
ALSO FOR LF UV OBSERVABLES

NEED THEORY IN THE CORRECT PLACE

A Rigorous Not AD Hoc PARAM OF 92 SHAPE

INTERPOLATION NOT EXTRAPOLATION
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