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bǞǋ ϮȍȐȗ ǇǡϥǋȍǋǷȗǡƲǱ ǁȍǽȐȐ ȐǋǁȗǡǽǷ
ǶǋƲȐȚȍǋǶǋǷȗȐ ǽǗ tt̄ ȊȍǽǇȚǁǋǇ ΒǡȗǞ ƲW

ǀǽȐǽǷ ǡǷ pp ǁǽǱǱǡȐǡǽǷȐ

҇ қҲӣӣҟӟӪ҇ӪҲӐӉ ӜӟҟӣҟӉӪҟқ
ҒӾ

�ӟҟӉқӐӉ �Ӯӟҟӂҟ �Ӯӂӂ҇ӟқ
ӪӐ

bүҟ �ҟӜ҇ӟӪӈҟӉӪ Ӑҩ UүӾӣҲҕӣ

ҲӉ Ӝ҇ӟӪҲ҇ӂ ҩӮӂҩҲӂӂӈҟӉӪ Ӑҩ Ӫүҟ ӟҟӞӮҲӟҟӈҟӉӪӣ
ҩӐӟ Ӫүҟ қҟҪӟҟҟ Ӑҩ

�ӐҕӪӐӟ Ӑҩ UүҲӂӐӣӐӜүӾ
ҲӉ Ӫүҟ ӣӮҒҽҟҕӪ Ӑҩ
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૪ࣃࣃࣁࣃ ॼ �ӟҟӉқӐӉ �Ӯӟҟӂҟ �Ӯӂӂ҇ӟқ
҇ӂӂ ӟҲҪүӪӣ ӟҟӣҟӟӺҟқঢ



�ǡȐȐǋȍȗƲȗǡǽǷ ƲǇΑǡȐǽȍऴ UȍǽǗǋȐȐǽȍ BƲȐƲǞǡȍǽ Bǽȍǡǡ �ȍǋǷǇǽǷ �ȚȍǋǱǋ �ȚǱǱƲȍǇ

bǞǋ ϮȍȐȗ ǇǡϥǋȍǋǷȗǡƲǱ ǁȍǽȐȐ ȐǋǁȗǡǽǷ ǶǋƲȐȚȍǋǶǋǷȗȐ ǽǗ tt̄ ȊȍǽǇȚǁǋǇ
ΒǡȗǞ ƲW ǀǽȐǽǷ ǡǷ pp ǁǽǱǱǡȐǡǽǷȐ

�ҒӣӪӟ҇ҕӪ

BǋƲȐȚȍǋǶǋǷȗȐ ǽǗ ǡǷǁǱȚȐǡΑǋ tt̄W± ȊȍǽǇȚǁȗǡǽǷ ǁȍǽȐȐ ȐǋǁȗǡǽǷȐ ȊǋȍǗǽȍǶǋǇ ǀΘ ȗǞǋ �b=�[ ƲǷǇ �B[

ǁǽǱǱƲǀǽȍƲȗǡǽǷȐ ǞƲΑǋ ǁǽǷȐǡȐȗǋǷȗǱΘ ȐǞǽΒǷ ǋΗǁǋȐȐǋȐ ǽǗ ੆ࣁࣈ੆ॺࣁࣃ ǽΑǋȍ ȗǞǋǽȍǋȗǡǁƲǱ ȊȍǋǇǡǁȗǡǽǷȐल bǞǋȐǋ ǽǀॺ

ȐǋȍΑƲȗǡǽǷȐ ǞƲΑǋ ǱǋƲǇ ȗǽ Ʋ ǘȍǽΒȗǞ ǡǷ ǡǷȗǋȍǋȐȗ ǗȍǽǶ ȗǞǋ ȗǞǋǽȍΘ ǁǽǶǶȚǷǡȗΘ ǽΑǋȍ ȗǞǋ ǱƲȐȗ ȐǋΑǋȍƲǱ ΘǋƲȍȐळ

ǱǋƲǇǡǷǘ ȗǽ ȗǞǋ ȍǋƲǱǡΝƲȗǡǽǷ ȗǞƲȗ ȐȚǀǱǋƲǇǡǷǘ ǋǱǋǁȗȍǽΒǋƲǯ ǁǽȍȍǋǁȗǡǽǷȐ ǡǷΑǽǱΑǡǷǘ ǡǷȗǋȍǷƲǱ tW → tW

ȐǁƲȗȗǋȍǡǷǘ ǁƲǷ ǀǋ ǡǶȊǽȍȗƲǷȗ Ǘǽȍ ǇǡϥǋȍǋǷȗǡƲǱ tt̄W ȊȍǽǇȚǁȗǡǽǷ ǁȍǽȐȐ ȐǋǁȗǡǽǷ ǁƲǱǁȚǱƲȗǡǽǷȐल bǞǡȐ ȗǞǋॺ

ȐǡȐ ȊȍǋȐǋǷȗȐ ȗǞǋ ϮȍȐȗ ǇǡϥǋȍǋǷȗǡƲǱ ǁȍǽȐȐ ȐǋǁȗǡǽǷ ǶǋƲȐȚȍǋǶǋǷȗȐ ǽǗ ȗǞǋ tt̄W ȊȍǽǁǋȐȐ ȚȐǡǷǘ ࣉࣄࣂ Ǘǀ−1 ǽǗ

pp ǁǽǱǱǡȐǡǽǷ ǇƲȗƲ Ʋȗ
√
s = 13bǋq ǁǽǱǱǋǁȗǋǇ ǀΘ ȗǞǋ �b=�[ ǋΗȊǋȍǡǶǋǷȗल HǗ ȊƲȍȗǡǁȚǱƲȍ ǡǷȗǋȍǋȐȗ ǡȐ

ȗǞǋNǬǋȗȐ ǇǡȐȗȍǡǀȚȗǡǽǷळ Ʋ ǯǋΘ ǡǷȊȚȗ Ǘǽȍ ȗǞǋ ǶǋƲȐȚȍǋǶǋǷȗ ǽǗ tt̄H ȊȍǽǇȚǁȗǡǽǷ ǡǷ ǶȚǱȗǡॺǱǋȊȗǽǷ ϮǷƲǱ

ȐȗƲȗǋȐल /ǷǁǱȚȐǡΑǋ ƲǷǇ ǇǡϥǋȍǋǷȗǡƲǱ ǁȍǽȐȐ ȐǋǁȗǡǽǷȐ Ʋȍǋ ǋΗȗȍƲǁȗǋǇ Ʋȗ ȗǞǋ ȊƲȍȗǡǁǱǋ ǱǋΑǋǱ ǡǷ 2![[ ƲǷǇ 3! ϮǇȚॺ

ǁǡƲǱ ȍǋǘǡǽǷȐळ ǀǽȗǞ ȐǋȊƲȍƲȗǋǇ ǀΘ ȗǽȗƲǱ ǁǞƲȍǘǋ ǽǗ ȗǞǋ ǱǋȊȗǽǷȐ ƲȐ ΒǋǱǱ ƲȐ ǡǷǁǱȚȐǡΑǋǱΘ ǡǷ ǁǞƲȍǘǋ ΒǡȗǞ ȍǋǱƲȗǡΑǋ

ǁǞƲȍǘǋ ƲȐΘǶǶǋȗȍǡǋȐल �ǞƲȍǘǋॺƲȐΘǶǶǋȗȍǡǁ ǋǷǞƲǷǁǋǶǋǷȗ ǡǷ ȗǞǋ tt̄W 2![[ ϮǇȚǁǡƲǱ ȍǋǘǡǽǷȐ ƲǷǇ ǁǞƲȍǘǋॺ

ȐΘǶǶǋȗȍǡǁ ǋǷǞƲǷǁǋǶǋǷȗ ǡǷ ȗǞǋ 3! ȍǋǘǡǽǷ Ʋȍǋ ǽǀȐǋȍΑǋǇल �ΗǁǋȐȐǋȐ ǡǷ ȗǞǋ tt̄W ȊȍǽǇȚǁȗǡǽǷ ǁȍǽȐȐ ȐǋǁȗǡǽǷ

Ʋȍǋ ǱǽǁƲǱǡΝǋǇ ȗǽ ǋΑǋǷȗȐ ΒǡȗǞ ǱǽΒ Ǭǋȗ ǶȚǱȗǡȊǱǡǁǡȗΘळ ǞǡǘǞ ǱǋȊȗǽǷǡǁHTळ ƲǷǇ ǞǡǘǞ ǇǡॺǱǋȊȗǽǷ ǡǷΑƲȍǡƲǷȗ ǶƲȐȐल

�ǡȐȗȍǡǀȚȗǡǽǷȐ Ʋȍǋ ǘǋǷǋȍƲǱǱΘ ǡǷ ǘǽǽǇ ƲǘȍǋǋǶǋǷȗ ΒǡȗǞ ȊȍǋǇǡǁȗǡǽǷȐ ǽǗ ȐǋΑǋȍƲǱ BǽǷȗǋ �ƲȍǱǽ ǶǽǇǋǱȐल

ǡǡǡ



�ǽǷȗǋǷȗȐ

bǡȗǱǋ UƲǘǋ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ǡ
�ǽȊΘȍǡǘǞȗ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ǡǡ
�ǀȐȗȍƲǁȗ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ǡǡǡ

/ bǞǋǽȍΘ ࣂ

ࣂ bүҟ [Ӫ҇Ӊқ҇ӟқBӐқҟӂ ࣃ
ࣂलࣂ �ǱǋǶǋǷȗƲȍΘ UƲȍȗǡǁǱǋȐ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣃ
ࣃलࣂ /ǷȗǋȍƲǁȗǡǽǷȐ ƲǷǇ [ΘǶǶǋȗȍǡǋȐ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣅ
ࣄलࣂ bǞǋ ,ǡǘǘȐ BǋǁǞƲǷǡȐǶ ƲǷǇ $ǋȍǶǡǽǷBƲȐȐǋȐ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣉ

ࣃ �ӽӜҟӟҲӈҟӉӪ҇ӂ bҟӣӪӣ Ӑҩ Ӫүҟ [Ӫ҇Ӊқ҇ӟқBӐқҟӂ ࣄࣂ
ࣂलࣃ UȍǽȊǋȍȗǡǋȐ ǽǗ ȗǞǋ ,ǡǘǘȐ �ǽȐǽǷ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣅࣂ
ࣃलࣃ �ΗȗǋǷǇǡǷǘ ȗǞǋ ,ǡǘǘȐ [ǋǁȗǽȍ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣃࣃ
ࣄलࣃ BǋƲȐȚȍǡǷǘ yt ǡǷ BȚǱȗǡǱǋȊȗǽǷ $ǡǷƲǱ [ȗƲȗǋȐ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣇࣃ

// �ΗȊǋȍǡǶǋǷȗ ࣃࣄ

ࣄ bүҟ =҇ӟҪҟ,҇қӟӐӉ �ӐӂӂҲқҟӟ ࣄࣄ

ࣅ bүҟ �b=�[ �ҟӪҟҕӪӐӟ ࣊ࣄ
ࣂलࣅ bǞǋ �b=�[ �ǽǽȍǇǡǷƲȗǋ [ΘȐȗǋǶ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣃࣅ
ࣃलࣅ bǞǋ /ǷǷǋȍ �ǋȗǋǁȗǽȍ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣄࣅ
ࣄलࣅ �ǱǋǁȗȍǽǶƲǘǷǋȗǡǁ ƲǷǇ ,ƲǇȍǽǷǡǁ �ƲǱǽȍǡǶǋȗǋȍȐ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣇࣅ
ࣅलࣅ bǞǋBȚǽǷ [ȊǋǁȗȍǽǶǋȗǋȍ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣂࣆ
ࣆलࣅ bǞǋBƲǘǷǋȗ [ΘȐȗǋǶȐ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣄࣆ
ࣇलࣅ bȍǡǘǘǋȍ ƲǷǇ �ƲȗƲ �ǁȌȚǡȐǡȗǡǽǷ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣆࣆ

/// BǽǇǋǱǡǷǘ ƲǷǇ XǋǁǽǷȐȗȍȚǁȗǡǽǷ ࣉࣆ

ࣆ BӐӉӪҟ �҇ӟӂӐ [ҲӈӮӂ҇ӪҲӐӉ ࣊ࣆ
ࣂलࣆ ,ƲȍǇ [ǁƲȗȗǋȍǡǷǘ /ǷȗǋȍƲǁȗǡǽǷȐ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣂࣇ
ࣃलࣆ [ǽǗȗ W�� $ƲǁȗǽȍǡΝƲȗǡǽǷ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣄࣇ
ࣄलࣆ UƲȍȗǽǷ [ǞǽΒǋȍǡǷǘ ƲǷǇ ,ƲǇȍǽǷǡΝƲȗǡǽǷ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣈࣇ
ࣅलࣆ BǽǷȗǋ �ƲȍǱǽ �ǱǘǽȍǡȗǞǶȐ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣁࣈ
ࣆलࣆ [ǡǶȚǱƲȗǡǷǘ ȗǞǋ �b=�[ �ǋȗǋǁȗǽȍ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣂࣈ
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ࣇ �b=�[ XҟҕӐӉӣӪӟӮҕӪҲӐӉ ࣅࣈ
ࣂलࣇ bȍƲǁǯǡǷǘ ƲǷǇ qǋȍȗǋΗǡǷǘ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣆࣈ
ࣃलࣇ �ǱǋǁȗȍǽǷȐ ƲǷǇ UǞǽȗǽǷȐ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣈࣈ
ࣄलࣇ BȚǽǷȐ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣁࣉ
ࣅलࣇ :ǋȗȐ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣂࣉ
ࣆलࣇ EǶǡȐȐ

T ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣇࣉ

/q BǋƲȐȚȍǋǶǋǷȗȐ ࣉࣉ

ࣈ UүҟӉӐӈҟӉӐӂӐҪӾ Ӑҩ tt̄W UӟӐқӮҕӪҲӐӉ ࣊ࣉ
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࣊लࣃ [ǡǘǷƲǱ ƲǷǇ �ǽǷȗȍǽǱ XǋǘǡǽǷ �ǋϮǷǡȗǡǽǷȐ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣉࣂࣂ
࣊लࣄ UȍǽǶȊȗ =ǋȊȗǽǷ /ǶȊȍǽΑǋǇ qǋȗǽ �ƲǱǡǀȍƲȗǡǽǷ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣇࣃࣂ
࣊लࣅ [ΘȐȗǋǶƲȗǡǁ eǷǁǋȍȗƲǡǷȗǡǋȐ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣂࣅࣂ
࣊लࣆ UȍǽϮǱǋ =ǡǯǋǱǡǞǽǽǇ $ǽȍǶƲǱǡȐǶ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣆࣆࣂ

ࣁࣂ �ҲҩҩҟӟҟӉӪҲ҇ӂ �ӟӐӣӣ [ҟҕӪҲӐӉBҟ҇ӣӮӟҟӈҟӉӪӣ ࣉࣆࣂ
ࣂलࣁࣂ $ǡǇȚǁǡƲǱ qǽǱȚǶǋ �ǋϮǷǡȗǡǽǷ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣃࣇࣂ
ࣃलࣁࣂ HǀȐǋȍΑƲǀǱǋȐ Ǘǽȍ �ǡϥǋȍǋǷȗǡƲǱ BǋƲȐȚȍǋǶǋǷȗȐ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣊ࣇࣂ
ࣄलࣁࣂ UȍǽϮǱǋ =ǡǯǋǱǡǞǽǽǇ eǷǗǽǱǇǡǷǘ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣈࣈࣂ
ࣅलࣁࣂ XǋǱƲȗǡΑǋ �ǞƲȍǘǋ �ȐΘǶǶǋȗȍΘ BǋƲȐȚȍǋǶǋǷȗȐ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣁ࣊ࣂ

ࣂࣂ XҟӣӮӂӪӣ ࣅ࣊ࣂ
ࣂलࣂࣂ �ǽǷȗȍǽǱ XǋǘǡǽǷ $ǡȗȐ ȗǽ �ƲȗƲ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣆ࣊ࣂ
ࣃलࣂࣂ �ǡϥǋȍǋǷȗǡƲǱ BǋƲȐȚȍǋǶǋǷȗȐ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣂࣁࣃ

q �ǽǷǁǱȚȐǡǽǷȐ ࣁࣃࣃ

ࣃࣂ [Ӯӈӈ҇ӟӾ ҇ӉқHӮӪӂӐӐҿ ࣂࣃࣃ

XҟҩҟӟҟӉҕҟӣ ࣉࣄࣃ

Α



=ǡȐȗ ǽǗ $ǡǘȚȍǋȐ

ࣂलࣂ /ǷȗǋȍƲǁȗǡǽǷȐ ǽǗ ȗǞǋ [ȗƲǷǇƲȍǇBǽǇǋǱ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣄ
ࣃलࣂ $ǋΘǷǶƲǷ ǇǡƲǘȍƲǶ Ǘǽȍ sॺǁǞƲǷǷǋǱ tt̄ ȊȍǽǇȚǁȗǡǽǷ Ʋȗ ȗǞǋ =,� ल ल ल ल ल ल ल ल ल ल ल ल ࣅ

ࣂलࣃ $ǋΘǷǶƲǷ ǇǡƲǘȍƲǶȐ Ǘǽȍ ǇǽǶǡǷƲǷȗ ,ǡǘǘȐ ȊȍǽǇȚǁȗǡǽǷ ǶǽǇǋȐ Ʋȗ ȗǞǋ =,� ल ल ल ल ल ल ࣇࣂ
ࣃलࣃ ,ǡǘǘȐ ȊȍǽǇȚǁȗǡǽǷ ǁȍǽȐȐ ȐǋǁȗǡǽǷȐ ƲǷǇ ǀȍƲǷǁǞǡǷǘ ǗȍƲǁȗǡǽǷȐ ल ल ल ल ल ल ल ल ल ल ल ल ल ࣈࣂ
ࣄलࣃ [ȚǶǶƲȍΘ ǽǗ ,ǡǘǘȐ ǁǽȚȊǱǡǷǘ ǶǋƲȐȚȍǋǶǋǷȗȐ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣉࣂ
ࣅलࣃ BǋƲȐȚȍǋǶǋǷȗȐ ǽǗ [B�$b ǁǽǋϨǁǡǋǷȗȐ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣂࣃ
ࣆलࣃ =ǡǶǡȗȐ ǽǷ �B,ࣃ ǇǋȍǡΑǋǇ ǀΘ �b=�[ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣆࣃ
ࣇलࣃ UǞƲȐǋ ǇǡƲǘȍƲǶ ǽǗ �s ΑƲǁȚȚǶ ȐȗƲǀǡǱǡȗΘ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣈࣃ
ࣈलࣃ [ȚǶǶƲȍΘ ǽǗ tt̄H ǶǋƲȐȚȍǋǶǋǷȗȐ ǀΘ �b=�[ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣉࣃ
ࣉलࣃ BǽǇǋǱǡǷǘ ǽǗ tt̄H ǡǷ bॺǬǋȗ ǶȚǱȗǡȊǱǡǁǡȗΘ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣊ࣃ
ल࣊ࣃ =ǡȐȗ ǽǗ ǷȚǡȐƲǷǁǋ ȊƲȍƲǶǋȗǋȍȐ ΒǡȗǞ ȗǞǋ ǱƲȍǘǋȐȗ ȊǽȐȗॺϮȗ ǡǶȊƲǁȗ ǽǷ µtt̄H ल ल ल ल ल ल ल ल ࣁࣄ
ࣁࣂलࣃ [ȚǶǶƲȍΘ ȊǱǽȗ Ǘǽȍ tt̄+ V ǶǋƲȐȚȍǋǶǋǷȗȐ ǀΘ �b=�[ ƲǷǇ �B[ ल ल ल ल ल ल ल ल ल ल ࣂࣄ

ࣂलࣄ �ǋȍǡƲǱ ΑǡǋΒ ǽǗ ȗǞǋ =,� ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣆࣄ
ࣃलࣄ � ǁȍǽȐȐ ȐǋǁȗǡǽǷ ǽǗ ȗǞǋ =,� ǇǡȊǽǱǋ ǶƲǘǷǋȗ ǁȍΘǽȐȗƲȗ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣇࣄ

ࣂलࣅ HΑǋȍΑǡǋΒ ǽǗ ȗǞǋ �b=�[ Ǉǋȗǋǁȗǽȍ ȐȚǀȐΘȐȗǋǶȐ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣂࣅ
ࣃलࣅ bǞǋ �b=�[ ǁǽǽȍǇǡǷƲȗǋ ȐΘȐȗǋǶ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣄࣅ
ࣄलࣅ HΑǋȍΑǡǋΒ ǽǗ ȗǞǋ �b=�[ ǡǷǷǋȍ ȗȍƲǁǯǡǷǘ Ǉǋȗǋǁȗǽȍ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣅࣅ
ࣅलࣅ HΑǋȍΑǡǋΒ ǽǗ ȗǞǋ �b=�[ ǁƲǱǽȍǡǶǋȗǋȍȐ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣉࣅ
ࣆलࣅ � ǇǡƲǘȍƲǶ ǽǗ ƲǷ �B ǁƲǱǽȍǡǶǋȗǋȍ ȗǽΒǋȍ ΒǡȗǞ ǇǡȐȗǡǷǁȗ ƲǁǁǽȍǇǡǽǷ ǘǋǽǶǋȗȍΘ ल ल ल ल ल ࣊ࣅ
ࣇलࣅ � ȐǁǞǋǶƲȗǡǁ ǽǗ Ʋ ȗǡǱǋ ǁƲǱǽȍǡǶǋȗǋȍ ȐǋǁȗǡǽǷ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣁࣆ
ࣈलࣅ �ǡƲǘȍƲǶ ǽǗ ȗǞǋ ,�� ƲǷǇ $�ƲǱ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣂࣆ
ࣉलࣅ HΑǋȍΑǡǋΒ ǽǗ ȗǞǋ �b=�[ǶȚǽǷ ȐȊǋǁȗȍǽǶǋȗǋȍ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣃࣆ
ल࣊ࣅ bǞǋ �b=�[ǶƲǘǷǋȗ ȐΘȐȗǋǶ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣅࣆ
ࣁࣂलࣅ BƲǘǷǋȗǡǁ ϮǋǱǇ ǶƲȊȐ ǽǗ ȗǞǋ �b=�[ Ǉǋȗǋǁȗǽȍ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣆࣆ
ࣂࣂलࣅ BƲǘǷǋȗǡǁ ǀǋǷǇǡǷǘ ȐȗȍǋǷǘȗǞ ǡǷ ȗǞǋ �b=�[ Ǉǋȗǋǁȗǽȍ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣇࣆ
ࣃࣂलࣅ [ǁǞǋǶƲȗǡǁ ǇǡƲǘȍƲǶ ǽǗ ȗǞǋ �b=�[ ȗȍǡǘǘǋȍ ƲǷǇ ��W ϱǽΒ ǡǷ XȚǷ // ल ल ल ल ल ल ल ल ࣇࣆ

ࣂलࣆ �ƲȍȗǽǽǷ ǽǗ Ʋ pp ǁǽǱǱǡȐǡǽǷ ǋΑǋǷȗ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣁࣇ
ࣃलࣆ �ǡƲǘȍƲǶ ǇǋȊǡǁȗǡǷǘ ȗǞǋ ǗƲǁȗǽȍǡΝƲȗǡǽǷ ȗǞǋǽȍǋǶ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣅࣇ
ࣄलࣆ �ΗȊǋȍǡǶǋǷȗƲǱ ǁǽΑǋȍƲǘǋ ǽǗ U�$ ǯǡǷǋǶƲȗǡǁ ȍǋǘǡǽǷȐ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣆࣇ
ࣅलࣆ UƲȍȗǽǷ ǇǡȐȗȍǡǀȚȗǡǽǷ ǗȚǷǁȗǡǽǷȐ Ʋȗ ǇǡϥǋȍǋǷȗ ΑƲǱȚǋȐ ǽǗQ2 ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣈࣇ
ࣆलࣆ XǋȊȍǋȐǋǷȗƲȗǡΑǋ $ǋΘǷǶƲǷ ǇǡƲǘȍƲǶȐ Ǘǽȍ W�� ǁǽȍȍǋǁȗǡǽǷȐ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣉࣇ
ࣇलࣆ /ǱǱȚȐȗȍƲȗǡǽǷȐ ǽǗ ȗǞǋ ǁǱȚȐȗǋȍ ƲǷǇ ȐȗȍǡǷǘ ǞƲǇȍǽǷǡΝƲȗǡǽǷ ǶǽǇǋǱȐ ल ल ल ल ल ल ल ल ल ल ल ल ࣊ࣇ
ࣈलࣆ �ǽǶȊƲȍǡȐǽǷ ǽǗ �Ue ȗǡǶǋ Ǘǽȍ Ʋ Ȑǋȗ ǽǗ tt̄ ǋΑǋǷȗȐ ȚȐǡǷǘ $ȚǱǱ[ǡǶ ƲǷǇ �$// ल ल ल ल ल ल ࣃࣈ

ࣂलࣇ /ǱǱȚȐȗȍƲȗǡǽǷ ǽǗ Ʋ ȊƲȍȗǡǁǱǋ ȗȍƲǬǋǁȗǽȍΘ ƲǷǇ ǡȗȐ ǇǋϮǷǡǷǘ Ȋǋȍǡǘǋǋ ȊƲȍƲǶǋȗǋȍȐ ल ल ल ल ल ल ल ࣆࣈ

Αǡ



ࣃलࣇ UǡǱǋȚȊ ǁǽǷǇǡȗǡǽǷȐ ǡǷ �b=�[ ǇȚȍǡǷǘ XȚǷ // ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣈࣈ
ࣄलࣇ �ǱǋǁȗȍǽǷ ǇǋȗǋǁȗǡǽǷ ƲǷǇ ȍǋǁǽǷȐȗȍȚǁȗǡǽǷ ǡǷ �b=�[ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣊ࣈ
ࣅलࣇ BȚǽǷ ǇǋȗǋǁȗǡǽǷ ƲǷǇ ȍǋǁǽǷȐȗȍȚǁȗǡǽǷ ǡǷ �b=�[ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣂࣉ
ࣆलࣇ [ǯǋȗǁǞ ǽǗ /X ƲǷǇ ǁǽǱǱǡǷǋƲȍ ȚǷȐƲǗǋ ǋϥǋǁȗȐ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣃࣉ
ࣇलࣇ �ΗƲǶȊǱǋȐ ǽǗ ȐǋȌȚǋǷȗǡƲǱǱΘ ǁǱȚȐȗǋȍǋǇ ǬǋȗȐ ƲǶǽǷǘ ȗǞȍǋǋ ǁǽǶǶǽǷǱΘ ȚȐǋǇ ƲǱǘǽȍǡȗǞǶȐ ल ल ࣄࣉ
ࣈलࣇ [ǋǁǽǷǇƲȍΘ ΑǋȍȗǋΗ ȊȍǽǇȚǁȗǡǽǷ ǗȍǽǶ bॺǞƲǇȍǽǷȐ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣆࣉ

ࣂलࣈ =ǋƲǇǡǷǘ ǽȍǇǋȍ $ǋΘǷǶƲǷ ǇǡƲǘȍƲǶȐ Ǘǽȍ tt̄W ȊȍǽǇȚǁȗǡǽǷ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣁ࣊
ࣃलࣈ �ǽǷȗȍǡǀȚȗǡǽǷȐ ǁǽǷȐǡǇǋȍǋǇ ǡǷ tt̄W ǁƲǱǁȚǱƲȗǡǽǷȐ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣂ࣊
ࣄलࣈ $ǋΘǷǶƲǷ ǇǡƲǘȍƲǶȐ Ǘǽȍ ΑƲȍǡǽȚȐ tt̄W ȗǋȍǶȐ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣂ࣊
ࣅलࣈ �ϥǋǁȗȐ ǽǗ tW ȐǁƲȗȗǋȍǡǷǘ ǋϥǋǁȗȐ ǡǷNǀॺǬǋȗȐ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣄ࣊
ࣆलࣈ �ϥǋǁȗȐ ǽǗ tW ȐǁƲȗȗǋȍǡǷǘ ǋϥǋǁȗȐ ǡǷNǬǋȗȐ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣄ࣊
ࣇलࣈ $ǋΘǷǶƲǷ ǇǡƲǘȍƲǶȐ ǡǷΑǽǱΑǡǷǘ tW ȐǁƲȗȗǋȍǡǷǘ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣄ࣊
ࣈलࣈ bǞǋǽȍǋȗǡǁƲǱ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ǘǽȍ tt̄+H/V ǡǷǁǱȚȐǡΑǋ ǁȍǽȐȐ ȐǋǁȗǡǽǷȐ ल ल ल ल ल ल ल ल ल ल ࣆ࣊
ࣉलࣈ XǋȊȍǋȐǋǷȗƲȗǡΑǋ $ǋΘǷǶƲǷ ǇǡƲǘȍƲǶȐ Ǘǽȍ ǷǽǷॺȍǋȐǽǷƲǷȗ ȊȍǽǇȚǁȗǡǽǷ ल ल ल ल ल ल ल ल ल ल ࣇ࣊
ल࣊ࣈ �ΗƲǶȊǱǋȐ ǽǗ ǷǽǷॺȍǋȐǽǷƲǷȗ ȊȍǽǇȚǁȗǡǽǷ ǋϥǋǁȗȐ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣈ࣊
ࣁࣂलࣈ [ȚǶǶƲȍΘ ǽǗ tt̄W ǶǋƲȐȚȍǋǶǋǷȗȐ ǀΘ �B[ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣉ࣊
ࣂࣂलࣈ �ǽǶȊƲȍǡȐǽǷ ǽǗ ǶȚǱȗǡȊǱǋ ȐȊǡǷ ǁǽȍȍǋǱƲȗǡǽǷ ǋϥǋǁȗȐ ǡǷ tt̄W ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣊࣊
ࣃࣂलࣈ /ǷǁǱȚȐǡΑǋ ǋϥǋǁȗȐ ǽǗ tt̄ ȊǽǱƲȍǡΝƲȗǡǽǷ ǋϥǋǁȗȐ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣁࣁࣂ
ࣄࣂलࣈ �ǡϥǋȍǋǷȗǡƲǱ ǋϥǋǁȗȐ ǽǗ tt̄ ȊǽǱƲȍǡΝƲȗǡǽǷ ǋϥǋǁȗȐ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣁࣁࣂ
ࣅࣂलࣈ BǽǇǋǱǡǷǘ ǁǽǶȊƲȍǡȐǽǷȐ ǀǋȗΒǋǋǷ ƲΑƲǡǱƲǀǱǋ B� ȐǡǘǷƲǱ ȐƲǶȊǱǋȐ ॠࣂॡ ल ल ल ल ल ल ल ल ल ल ࣃࣁࣂ
ࣆࣂलࣈ BǽǇǋǱǡǷǘ ǁǽǶȊƲȍǡȐǽǷȐ ǀǋȗΒǋǋǷ ƲΑƲǡǱƲǀǱǋ B� ȐǡǘǷƲǱ ȐƲǶȊǱǋȐ ॠࣃॡ ल ल ल ल ल ल ल ल ल ल ࣄࣁࣂ

ࣂलࣉ ,ǋƲΑΘ ϱƲΑǽȍ ǗƲǯǋ ǱǋȊȗǽǷ ȊȍǽǇȚǁȗǡǽǷ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣂࣂࣂ
ࣃलࣉ � ǇǋȊǡǁȗǡǽǷ ǽǗ Ʋ ȗȍǡǇǋǷȗ ǋΑǋǷȗ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣂࣂࣂ

࣊लࣂ �ǡƲǘȍƲǶ ǽǗ ǱǋȊȗǽǷ ǡȐǽǱƲȗǡǽǷ ƲǷǇ ȗǞǋ U=/q ƲǱǘǽȍǡȗǞǶ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣈࣂࣂ
࣊लࣃ U=/q ǽȚȗȊȚȗ Ȑǁǽȍǋ Ǘǽȍ ǋǱǋǁȗȍǽǷȐ ƲǷǇ ǶȚǽǷȐ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣈࣂࣂ
࣊लࣄ �ΗǁǱȚȐǡΑǋ U=/q ΒǽȍǯǡǷǘ ȊǽǡǷȗ ǇǋϮǷǡȗǡǽǷȐ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣉࣂࣂ
࣊लࣅ �ΗȊǋǁȗǋǇ ΘǡǋǱǇȐ ǡǷ ȗǞǋ tt̄W [ǷǮȍǈȇ XǡǮǷȓȍ Xॡ]ࢳ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣅࣃࣂ
࣊लࣆ /ǱǱȚȐȗȍƲȗǡǽǷ ǽǗ [X ƲǷǇ �X ǇǋϮǷǡȗǡǽǷȐ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣆࣃࣂ
࣊लࣇ /ǱǱȚȐȗȍƲȗǡǽǷ ǽǗ qX ǇǋϮǷǡȗǡǽǷȐ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣆࣃࣂ
࣊लࣈ [ΘȐȗǋǶƲȗǡǁ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ǘǽȍ ǶȚǽǷ U=/q ΒǽȍǯǡǷǘ ȊǽǡǷȗȐ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣈࣃࣂ
࣊लࣉ [ΘȐȗǋǶƲȗǡǁ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ǘǽȍ ǋǱǋǁȗȍǽǷ U=/q ΒǽȍǯǡǷǘ ȊǽǡǷȗȐ ल ल ल ल ल ल ल ल ल ल ल ल ࣉࣃࣂ
࣊ल࣊ �ΗƲǶȊǱǋ ǽǗ U=/q ȍǋΒǋǡǘǞȗǡǷǘ ȊȍǽǁǋǇȚȍǋ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣁࣄࣂ
࣊लࣁࣂ �ƲȗƲूBq ǁǽǶȊƲȍǡȐǽǷȐ ǽǗ µe tt̄qX ǀǋǗǽȍǋ ΒǋǡǘǞȗǡǷǘ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣄࣄࣂ
࣊लࣂࣂ �ƲȗƲूBq ǁǽǶȊƲȍǡȐǽǷȐ ǽǗ µe tt̄qXΒǡȗǞ qǋȍΘbǡǘǞȗ U=/q ल ल ल ल ल ल ल ल ल ल ल ल ल ࣅࣄࣂ
࣊लࣃࣂ �ƲȗƲूBq ǁǽǶȊƲȍǡȐǽǷȐ ǽǗ µe tt̄qXΒǡȗǞ bǡǘǞȗCǽȗqǋȍΘbǡǘǞȗ U=/q ल ल ल ल ल ल ल ࣆࣄࣂ
࣊लࣄࣂ [ΘȐȗǋǶƲȗǡǁ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ǡǷ µe tt̄qXΒǡȗǞ qǋȍΘbǡǘǞȗ U=/q ल ल ल ल ल ल ल ल ल ल ल ल ࣇࣄࣂ
࣊लࣅࣂ [ΘȐȗǋǶƲȗǡǁ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ǡǷ µe tt̄qXΒǡȗǞ bǡǘǞȗCǽȗqǋȍΘbǡǘǞȗ U=/q ल ल ल ल ल ल ल ࣇࣄࣂ
࣊लࣆࣂ �ƲȗƲूBq ǁǽǶȊƲȍǡȐǽǷȐ ǽǗ eµ tt̄qX ǀǋǗǽȍǋ ΒǋǡǘǞȗǡǷǘ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣈࣄࣂ
࣊लࣇࣂ �ƲȗƲूBq ǁǽǶȊƲȍǡȐǽǷȐ ǽǗ eµ tt̄qXΒǡȗǞ qǋȍΘbǡǘǞȗ U=/q ल ल ल ल ल ल ल ल ल ल ल ल ल ࣉࣄࣂ
࣊लࣈࣂ �ƲȗƲूBq ǁǽǶȊƲȍǡȐǽǷȐ ǽǗ eµ tt̄qXΒǡȗǞ bǡǘǞȗCǽȗqǋȍΘbǡǘǞȗ U=/q ल ल ल ल ल ल ल ࣊ࣄࣂ
࣊लࣉࣂ [ΘȐȗǋǶƲȗǡǁ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ǡǷ eµ tt̄qXΒǡȗǞ qǋȍΘbǡǘǞȗ U=/q ल ल ल ल ल ल ल ल ल ल ल ल ࣁࣅࣂ
࣊ल࣊ࣂ [ΘȐȗǋǶƲȗǡǁ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ǡǷ eµ tt̄qXΒǡȗǞ qǋȍΘbǡǘǞȗ U=/q ल ल ल ल ल ल ल ल ल ल ल ल ࣁࣅࣂ

Αǡǡ



࣊लࣁࣃ :�[ ϱƲΑǽȍ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ǘǽȍ tt̄H ळ tt̄Z ळ ƲǷǇ V V ǀƲǁǯǘȍǽȚǷǇȐ ǡǷ [XȐ ल ल ल ल ल ल ल ल ࣇࣅࣂ
࣊लࣂࣃ %ǱȚǽǷ ǗȍƲǁȗǡǽǷ ǶƲȊȐ Ǘǽȍ tt̄W ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣉࣅࣂ
࣊लࣃࣃ %ǱȚǽǷ ǗȍƲǁȗǡǽǷ ǶƲȊȐ Ǘǽȍ tt̄H ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣊ࣅࣂ
࣊लࣄࣃ %ǱȚǽǷ ǗȍƲǁȗǡǽǷ ǶƲȊȐ Ǘǽȍ tt̄Z ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣊ࣅࣂ
࣊लࣅࣃ %ǱȚǽǷ ǗȍƲǁȗǡǽǷ ǶƲȊȐ Ǘǽȍ tt̄ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣁࣆࣂ
࣊लࣆࣃ %ǱȚǽǷ ǗȍƲǁȗǡǽǷ ǶƲȊȐ Ǘǽȍ V V ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣁࣆࣂ
࣊लࣇࣃ :�[ ϱƲΑǽȍ ǁǽǶȊǽȐǡȗǡǽǷ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ǀǋǗǽȍǋ ƲǷǇ ƲǗȗǋȍ ǇǋȍǡΑǋǇ ǶƲȊȐ Ʋȍǋ ȚȐǋǇ ल ल ल ल ࣂࣆࣂ
࣊लࣈࣃ :�[ ϱƲΑǽȍ ȍǋȐȊǽǷȐǋ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ǀǋǗǽȍǋ ƲǷǇ ƲǗȗǋȍ ǇǋȍǡΑǋǇ ǶƲȊȐ Ʋȍǋ ȚȐǋǇ ल ल ल ल ल ल ࣂࣆࣂ

ࣂलࣁࣂ �ǡƲǘȍƲǶ ǇǋȊǡǁȗǡǷǘ ȗǞǋ ȊȍǡǷǁǡȊǱǋ ǽǗ ȚǷǗǽǱǇǡǷǘ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣊ࣆࣂ
ࣃलࣁࣂ �ǡƲǘȍƲǶ ǽǗ ȊƲȍȗǽǷॺ ƲǷǇ ȊƲȍȗǡǁǱǋॺǱǋΑǋǱ ǋΑǋǷȗȐ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣄࣇࣂ
ࣄलࣁࣂ [ǯǋȗǁǞ ǽǗ ϮǇȚǁǡƲǱ ȗȍȚȗǞॺǱǋΑǋǱ ȍǋǘǡǽǷ ǡǷ ȍǋǱƲȗǡǽǷ ȗǽ ȗǞǋ ǇǋȗǋǁȗǽȍॺǱǋΑǋǱ ल ल ल ल ल ल ल ल ࣄࣇࣂ
ࣅलࣁࣂ BǡǘȍƲȗǡǽǷ ǶƲȗȍǡǁǋȐ ǗǽȍNǬǋȗȐ ΒǡȗǞ ǇǡϥǋȍǋǷȗ pT ȗǞȍǋȐǞǽǱǇȐ ल ल ल ल ल ल ल ल ल ल ल ल ल ࣆࣇࣂ
ࣆलࣁࣂ �ϥǋǁȗ ǽǗ ǽΑǋȍǱƲȊ ȍǋǶǽΑƲǱ ȊȍǽǁǋǇȚȍǋ ǽǷ ȍǋȐȊǽǷȐǋ ǶƲȗȍǡǁǋȐ ल ल ल ल ल ल ल ल ल ल ल ल ल ࣇࣇࣂ
ࣇलࣁࣂ <ǡǷǋǶƲȗǡǁ ǇǋȊǋǷǇǋǷǁǋ ǽǷ ǱǋȊȗǽǷ pT ǽǗ ǶǡȐǡǇǋǷȗǡϮǋǇ ǁǞƲǷǷǋǱȐ ल ल ल ल ल ल ल ल ल ल ࣈࣇࣂ
ࣈलࣁࣂ �ΗȗǋǷǇǋǇ ǶǡǘȍƲȗǡǽǷ ǶƲȗȍǡǁǋȐ ǡǷǁǱȚȐǡΑǋ ǡǷ ǋƲǁǞ ϮǇȚǁǡƲǱ ȍǋǘǡǽǷ ल ल ल ल ल ल ल ल ल ल ल ࣊ࣇࣂ
ࣉलࣁࣂ �ϨǁǡǋǷǁΘ ƲǷǇ ƲǁǁǋȊȗƲǷǁǋ ǁǽȍȍǋǁȗǡǽǷȐ ǡǷ ȐǡǶȚǱȗƲǷǋǽȚȐ ƲǷǇ ǡǷǇǋȊǋǷǇǋǷȗ ȚǷǗǽǱǇǡǷǘ ࣊ࣇࣂ
ल࣊ࣁࣂ �ΗƲǶȊǱǋ ǽǗ ȍǋǘȚǱƲȍǡΝƲȗǡǽǷ ǽȊȗǡǶǡΝƲȗǡǽǷ ȊȍǽǁǋǇȚȍǋ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣃࣈࣂ
ࣁࣂलࣁࣂ XǋȐȊǽǷȐǋ ǶƲȗȍǡΗ ǗǽȍNǬǋȗȐ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣄࣈࣂ
ࣂࣂलࣁࣂ �ǽǶȊǽǷǋǷȗȐ ǽǗ ȍǋȐȊǽǷȐǋ ǶƲȗȍǡΗ ǗǽȍNǬǋȗȐ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣅࣈࣂ
ࣃࣂलࣁࣂ �ǽǶȊǽǷǋǷȗȐ ǽǗ ȍǋȐȊǽǷȐǋ ǶƲȗȍǡΗ ǗǽȍH jet

T ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣅࣈࣂ
ࣄࣂलࣁࣂ �ǽǶȊǽǷǋǷȗȐ ǽǗ ȍǋȐȊǽǷȐǋ ǶƲȗȍǡΗ ǗǽȍH lep

T ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣅࣈࣂ
ࣅࣂलࣁࣂ �ǽǶȊǽǷǋǷȗȐ ǽǗ ȍǋȐȊǽǷȐǋ ǶƲȗȍǡΗ ǗǽȍM lead

jj ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣆࣈࣂ
ࣆࣂलࣁࣂ �ǽǶȊǽǷǋǷȗȐ ǽǗ ȍǋȐȊǽǷȐǋ ǶƲȗȍǡΗ ǗǽȍMSS

ll ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣆࣈࣂ
ࣇࣂलࣁࣂ �ǽǶȊǽǷǋǷȗȐ ǽǗ ȍǋȐȊǽǷȐǋ ǶƲȗȍǡΗ Ǘǽȍ∆ηSSll ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣆࣈࣂ
ࣈࣂलࣁࣂ �ǽǶȊǽǷǋǷȗȐ ǽǗ ȍǋȐȊǽǷȐǋ ǶƲȗȍǡΗ Ǘǽȍ∆φSSll ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣇࣈࣂ
ࣉࣂलࣁࣂ �ǽǶȊǽǷǋǷȗȐ ǽǗ ȍǋȐȊǽǷȐǋ ǶƲȗȍǡΗ Ǘǽȍ∆Rlb ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣇࣈࣂ
࣊ࣂलࣁࣂ �ǽǶȊǽǷǋǷȗȐ ǽǗ ȍǋȐȊǽǷȐǋ ǶƲȗȍǡΗ ǗǽȍMlb ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣇࣈࣂ
ࣁࣃलࣁࣂ XǋǘȚǱƲȍǡΝƲȗǡǽǷ ȐǁƲǷȐ ǗǽȍNǬǋȗȐ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣃࣉࣂ
ࣂࣃलࣁࣂ XǋǘȚǱƲȍǡΝƲȗǡǽǷ ȐǁƲǷȐ ǗǽȍNǀॺǬǋȗȐ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣄࣉࣂ
ࣃࣃलࣁࣂ �Ƿ ǋΗƲǶȊǱǋ ǽǗ ȍǋǘȚǱƲȍǡΝƲȗǡǽǷ ȊǋȍǗǽȍǶƲǷǁǋ ǡǷ ȊȐǋȚǇǽǇƲȗƲ ल ल ल ल ल ल ल ल ल ल ल ल ल ࣅࣉࣂ
ࣄࣃलࣁࣂ [ȗȍǋȐȐ ȗǋȐȗȐ ǽǗ ȍǋǘȚǱƲȍǡΝǋǇ ȚǷǗǽǱǇǡǷǘ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣇࣉࣂ
ࣅࣃलࣁࣂ CǽǷ ǁǱǽȐȚȍǋ ǡǷ ȍǋǘȚǱƲȍǡΝǋǇ ȚǷǗǽǱǇǡǷǘ ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣇࣉࣂ
ࣆࣃलࣁࣂ BǋƲǷ ƲǷǇ ȐȗƲǷǇƲȍǇ ǇǋΑǡƲȗǡǽǷ ǽǗ ȚǷǗǽǱǇǋǇ ȍǋȐȚǱȗȐ ȚȐǡǷǘ ȗǽΘȐ ल ल ल ल ल ल ल ल ल ल ल ल ࣊ࣉࣂ

ࣂलࣂࣂ �ƲȗƲूB� ǁǽǶȊƲȍǡȐǽǷȐ ǡǷ ,$e�XȐ ȊȍǋॺϮȗ ॠȗǽȊॡ ƲǷǇ ȊǽȐȗॺϮȗ ॠǀǽȗȗǽǶॡल ल ल ल ल ल ल ࣇ࣊ࣂ
ࣃलࣂࣂ �ƲȗƲूB� ǁǽǶȊƲȍǡȐǽǷȐ ǡǷ ,$µ�XȐ ȊȍǋॺϮȗ ॠȗǽȊॡ ƲǷǇ ȊǽȐȗॺϮȗ ॠǀǽȗȗǽǶॡल ल ल ल ल ल ल ࣈ࣊ࣂ
ࣄलࣂࣂ �ƲȗƲूB� ǁǽǶȊƲȍǡȐǽǷȐ ǡǷ ǁǽǷΑǋȍȐǡǽǷ �XȐ ȊȍǋॺϮȗ ॠȗǽȊॡ ƲǷǇ ȊǽȐȗॺϮȗ ॠǀǽȗȗǽǶॡल ल ल ल ࣉ࣊ࣂ
ࣅलࣂࣂ UǽȐȗॺϮȗ ΑƲǱȚǋȐ ƲǷǇ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ǘǽȍ ǀƲǁǯǘȍǽȚǷǇȐ ǷǽȍǶƲǱǡΝƲȗǡǽǷ ǗƲǁȗǽȍȐल ल ल ल ल ल ल ࣉ࣊ࣂ
ࣆलࣂࣂ UȚǱǱ ȊǱǽȗ Ǘǽȍ ƲǱǱ ǷȚǡȐƲǷǁǋ ȊƲȍƲǶǋȗǋȍȐ ȐȊǱǡȗ ǀΘ ǁƲȗǋǘǽȍΘल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣊࣊ࣂ
ࣇलࣂࣂ UǽȐȗॺϮȗ ΑƲǱȚǋȐ Ǘǽȍ γ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ǘǽȍ ǱǡǶǡȗǋǇB� ȐȗƲȗǡȐȗǡǁȐल ल ल ल ल ल ल ल ल ल ल ल ल ࣁࣁࣃ
ࣈलࣂࣂ �ǽȍȍǋǱƲȗǡǽǷ ǶƲȗȍǡΗ Ǘǽȍ ƲǱǱ ǷȚǡȐƲǷǁǋ ȊƲȍƲǶǋȗǋȍȐल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ल ࣁࣁࣃ
ࣉलࣂࣂ /ǷǁǱȚȐǡΑǋ ϮǇȚǁǡƲǱ ǁȍǽȐȐ ȐǋǁȗǡǽǷ ǶǋƲȐȚȍǋǶǋǷȗȐ ǁǽǶȊƲȍǋǇ ȗǽB� ȊȍǋǇǡǁȗǡǽǷȐल ल ल ल ल ࣆࣁࣃ
ल࣊ࣂࣂ �ȍǋƲǯǇǽΒǷ ǽǗ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ǘǽȍ ǡǷǁǱȚȐǡΑǋ ϮǇȚǁǡƲǱ ǁȍǽȐȐ ȐǋǁȗǡǽǷ ǶǋƲȐȚȍǋǶǋǷȗȐल ल ल ल ࣇࣁࣃ

Αǡǡǡ



ࣁࣂलࣂࣂ Njets ǇǡϥǋȍǋǷȗǡƲǱ ǁȍǽȐȐ ȐǋǁȗǡǽǷ ǶǋƲȐȚȍǋǶǋǷȗȐ ǁǽǶȊƲȍǋǇ ȗǽB� ȊȍǋǇǡǁȗǡǽǷȐल ल ल ल ल ࣈࣁࣃ
ࣂࣂलࣂࣂ �ȍǋƲǯǇǽΒǷ ǽǗ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ǗǽȍNjets ǇǡϥǋȍǋǷȗǡƲǱ ǁȍǽȐȐ ȐǋǁȗǡǽǷ ǶǋƲȐȚȍǋǶǋǷȗȐल ल ल ल ࣉࣁࣃ
ࣃࣂलࣂࣂ Nb−jets ǇǡϥǋȍǋǷȗǡƲǱ ǁȍǽȐȐ ȐǋǁȗǡǽǷ ǶǋƲȐȚȍǋǶǋǷȗȐ ǁǽǶȊƲȍǋǇ ȗǽB� ȊȍǋǇǡǁȗǡǽǷȐल ल ल ࣊ࣁࣃ
ࣄࣂलࣂࣂ �ȍǋƲǯǇǽΒǷ ǽǗ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ǗǽȍNb−jets ǇǡϥǋȍǋǷȗǡƲǱ ǁȍǽȐȐ ȐǋǁȗǡǽǷ ǶǋƲȐȚȍǋǶǋǷȗȐल ल ࣁࣂࣃ
ࣅࣂलࣂࣂ H

Ǭǋȗ
T ǇǡϥǋȍǋǷȗǡƲǱ ǁȍǽȐȐ ȐǋǁȗǡǽǷ ǶǋƲȐȚȍǋǶǋǷȗȐ ǁǽǶȊƲȍǋǇ ȗǽB� ȊȍǋǇǡǁȗǡǽǷȐल ल ल ल ल ࣂࣂࣃ

ࣆࣂलࣂࣂ �ȍǋƲǯǇǽΒǷ ǽǗ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ǗǽȍH Ǭǋȗ
T ǇǡϥǋȍǋǷȗǡƲǱ ǁȍǽȐȐ ȐǋǁȗǡǽǷ ǶǋƲȐȚȍǋǶǋǷȗȐल ल ल ल ࣂࣂࣃ

ࣇࣂलࣂࣂ H
ǱǋȊ
T ǇǡϥǋȍǋǷȗǡƲǱ ǁȍǽȐȐ ȐǋǁȗǡǽǷ ǶǋƲȐȚȍǋǶǋǷȗȐ ǁǽǶȊƲȍǋǇ ȗǽB� ȊȍǋǇǡǁȗǡǽǷȐल ल ल ल ल ࣃࣂࣃ

ࣈࣂलࣂࣂ �ȍǋƲǯǇǽΒǷ ǽǗ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ǗǽȍH ǱǋȊ
T ǇǡϥǋȍǋǷȗǡƲǱ ǁȍǽȐȐ ȐǋǁȗǡǽǷ ǶǋƲȐȚȍǋǶǋǷȗȐल ल ल ल ࣃࣂࣃ

ࣉࣂलࣂࣂ MSS
!! ǇǡϥǋȍǋǷȗǡƲǱ ǁȍǽȐȐ ȐǋǁȗǡǽǷ ǶǋƲȐȚȍǋǶǋǷȗȐ ǁǽǶȊƲȍǋǇ ȗǽB� ȊȍǋǇǡǁȗǡǽǷȐल ल ल ल ल ࣄࣂࣃ

࣊ࣂलࣂࣂ �ȍǋƲǯǇǽΒǷ ǽǗ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ǗǽȍMSS
!! ǇǡϥǋȍǋǷȗǡƲǱ ǁȍǽȐȐ ȐǋǁȗǡǽǷ ǶǋƲȐȚȍǋǶǋǷȗȐल ल ल ल ࣅࣂࣃ

ࣁࣃलࣂࣂ |∆ηSS!! | ǇǡϥǋȍǋǷȗǡƲǱ ǁȍǽȐȐ ȐǋǁȗǡǽǷ ǶǋƲȐȚȍǋǶǋǷȗȐ ǁǽǶȊƲȍǋǇ ȗǽB� ȊȍǋǇǡǁȗǡǽǷȐल ल ल ࣆࣂࣃ
ࣂࣃलࣂࣂ �ȍǋƲǯǇǽΒǷ ǽǗ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ǘǽȍ |∆ηSS!! | ǇǡϥǋȍǋǷȗǡƲǱ ǁȍǽȐȐ ȐǋǁȗǡǽǷ ǶǋƲȐȚȍǋǶǋǷȗȐल ल ࣆࣂࣃ
ࣃࣃलࣂࣂ |∆φSS!! | ǇǡϥǋȍǋǷȗǡƲǱ ǁȍǽȐȐ ȐǋǁȗǡǽǷ ǶǋƲȐȚȍǋǶǋǷȗȐ ǁǽǶȊƲȍǋǇ ȗǽB� ȊȍǋǇǡǁȗǡǽǷȐल ल ल ࣇࣂࣃ
ࣄࣃलࣂࣂ �ȍǋƲǯǇǽΒǷ ǽǗ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ǘǽȍ |∆φSS!! | ǇǡϥǋȍǋǷȗǡƲǱ ǁȍǽȐȐ ȐǋǁȗǡǽǷ ǶǋƲȐȚȍǋǶǋǷȗȐल ल ࣇࣂࣃ
ࣅࣃलࣂࣂ Mlb ǇǡϥǋȍǋǷȗǡƲǱ ǁȍǽȐȐ ȐǋǁȗǡǽǷ ǶǋƲȐȚȍǋǶǋǷȗȐ ǁǽǶȊƲȍǋǇ ȗǽB� ȊȍǋǇǡǁȗǡǽǷȐल ल ल ल ल ࣈࣂࣃ
ࣆࣃलࣂࣂ �ȍǋƲǯǇǽΒǷ ǽǗ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ǗǽȍMlb ǇǡϥǋȍǋǷȗǡƲǱ ǁȍǽȐȐ ȐǋǁȗǡǽǷ ǶǋƲȐȚȍǋǶǋǷȗȐल ल ल ल ࣈࣂࣃ
ࣇࣃलࣂࣂ ∆Rlb ǇǡϥǋȍǋǷȗǡƲǱ ǁȍǽȐȐ ȐǋǁȗǡǽǷ ǶǋƲȐȚȍǋǶǋǷȗȐ ǁǽǶȊƲȍǋǇ ȗǽB� ȊȍǋǇǡǁȗǡǽǷȐल ल ल ल ࣉࣂࣃ
ࣈࣃलࣂࣂ �ȍǋƲǯǇǽΒǷ ǽǗ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ǘǽȍ∆Rlb ǇǡϥǋȍǋǷȗǡƲǱ ǁȍǽȐȐ ȐǋǁȗǡǽǷ ǶǋƲȐȚȍǋǶǋǷȗȐल ल ल ࣉࣂࣃ
ࣉࣃलࣂࣂ ∆Mjj ǇǡϥǋȍǋǷȗǡƲǱ ǁȍǽȐȐ ȐǋǁȗǡǽǷ ǶǋƲȐȚȍǋǶǋǷȗȐ ǁǽǶȊƲȍǋǇ ȗǽB� ȊȍǋǇǡǁȗǡǽǷȐल ल ल ल ࣊ࣂࣃ
࣊ࣃलࣂࣂ �ȍǋƲǯǇǽΒǷ ǽǗ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ǗǽȍMjj ǇǡϥǋȍǋǷȗǡƲǱ ǁȍǽȐȐ ȐǋǁȗǡǽǷ ǶǋƲȐȚȍǋǶǋǷȗȐल ल ल ल ࣊ࣂࣃ

ǡΗ



=ǡȐȗ ǽǗ �ǁȍǽǷΘǶȐ

U=/q UȍǽǶȊȗ =ǋȊȗǽǷ /ǶȊȍǽΑǋǇ qǋȗǽ

:qb :ǋȗ qǋȍȗǋΗ bƲǘǘǋȍ

BB BƲȗȍǡΗ BǋȗǞǽǇ

b$ bǋǶȊǱƲȗǋ $ǡȗ

[X [ǡǘǷƲǱ XǋǘǡǽǷ

�X �ǽǷȗȍǽǱ XǋǘǡǽǷ

qX qƲǱǡǇƲȗǡǽǷ XǋǘǡǽǷ

Uq UȍǡǶƲȍΘ qǋȍȗǋΗ

�q �ǽǷΑǋȍȐǡǽǷ qǋȍȗǋΗ

[q [ǋǁǽǷǇƲȍΘ qǋȍȗǋΗ

XCC XǋǁȚȍȍǋǷȗ CǋȚȍƲǱ CǋȗΒǽȍǯ

B/U BǡǷǡǶȚǶ /ǽǷǡΝǡǷǘ UƲȍȗǡǁǱǋ

,=b ,ǡǘǞ =ǋΑǋǱ bȍǡǘǘǋȍ

��b �ǽǽȐȗǋǇ �ǋǁǡȐǡǽǷ bȍǋǋ

��/�[ �ǱǋǁȗȍǽǷ �ǞƲȍǘǋ /ǇǋǷȗǡϮǁƲȗǡǽǷ
[ǋǱǋǁȗǽȍ

WBǡȐ/� �ǞƲȍǘǋ BǡȐǡǇǋǷȗǡϮǁƲȗǡǽǷ

,$ ,ǋƲΑΘ $ǱƲΑǽȍ

B� BǽǷȗǋ �ƲȍǱǽ

[$H[ [ƲǶǋॺϱƲΑǽȍ ǽȊȊǽȐǡȗǋॺȐǡǘǷ

[$ [ǁƲǱǋ $Ʋǁȗǽȍ

:�[ :ǋȗ �ǷǋȍǘΘ [ǁƲǱǋ

:�X :ǋȗ �ǷǋȍǘΘ XǋȐǽǱȚȗǡǽǷ

CU CȚǡȐƲǷǁǋ UƲȍƲǶǋȗǋȍ

B=� BƲΗǡǶȚǶ =ǡǯǋǱǡǞǽǽǇ �ȐȗǡǶƲȗǋ

UH/ UƲȍƲǶǋȗǋȍ ǽǗ /ǷȗǋȍǋȐȗ

bƲU bƲǘ ƲǷǇ Uȍǽǀǋ

B� BƲȗȍǡΗ �ǱǋǶǋǷȗ

C$ CǽȍǶƲǱǡΝƲȗǡǽǷ $ƲǁȗǽȍȐ

U�$ UƲȍȗǽǷ �ǡȐȗȍǡǀȚȗǡǽǷ $ȚǷǁȗǡǽǷȐ

Η



bӐӈӾ Ӝ҇ӟҟӉӪӣঢ

Ηǡ



�ǁǯǷǽΒǱǋǇǘǶǋǷȗȐ

/ȗ ΒǽȚǱǇ Ƿǽȗ ǞƲΑǋ ǀǋǋǷ ȊǽȐȐǡǀǱǋ Ǘǽȍ Ƕǋ ȗǽ ȊȍǋȐǋǷȗ ȗǞǡȐ ȗǞǋȐǡȐ ΒǡȗǞǽȚȗ ȗǞǋ ǡǷǇǡΑǡǇȚƲǱȐ ȗǞƲȗ ǞƲΑǋ

ȐȚȊȊǽȍȗǋǇ Ƕǋ ȊȍǽǗǋȐȐǡǽǷƲǱǱΘ ƲǷǇ ȊǋȍȐǽǷƲǱǱΘ ǇȚȍǡǷǘ ǶΘ ȗǡǶǋ ƲȐ UǞ� ȐȗȚǇǋǷȗल bǞǽȚǘǞ / ǷƲǶǋ ǽǷǱΘ

ǗǋΒ Ǟǋȍǋळ ȐǋΑǋȍƲǱ ǽȗǞǋȍȐ ǞƲΑǋ ǡǷǇǡȍǋǁȗǱΘ ǁǽǷȗȍǡǀȚȗǋǇ ȗǽ ȗǞǡȐ Βǽȍǯ ȗǞȍǽȚǘǞ ȗǞǋǡȍ ǗȍǡǋǷǇȐǞǡȊळ ΒǞǡǁǞ ǞƲȐ

ȐȚȐȗƲǡǷǋǇ ǶΘ ȐƲǷǡȗΘ ȗǞȍǽȚǘǞǽȚȗ ȗǞǋ ǱƲȐȗ ϮΑǋ ΘǋƲȍȐल

=ǋȗ Ƕǋ ϮȍȐȗ ȗǞƲǷǯ ǶΘ ȗǞǋȐǡȐ ƲǇΑǡȐǽȍळ BƲȐƲǞǡȍǽळ Ǘǽȍ ǞǡȐ ǶǋǷȗǽȍȐǞǡȊ ƲǷǇ ǘȚǡǇƲǷǁǋ ǇȚȍǡǷǘ ǶΘ UǞ�ल

/ ǞƲΑǋ ǘȍǽΒǷ ƲȐ Ʋ ȊǞΘȐǡǁǡȐȗ ƲǷǇ ȗǋƲǁǞǋȍ ǡǷ Ƿǽ ȐǶƲǱǱ ȊƲȍȗ ǇȚǋ ȗǽ ǞǡȐ ǋΗƲǶȊǱǋ ƲǷǇ ǡǷΑǋȐȗǶǋǷȗल / ǞƲΑǋ

ǱǋƲȍǷǋǇ Ȑǽ ǶȚǁǞ ȗǞȍǽȚǘǞ ǁǽǷΑǋȍȐƲȗǡǽǷȐ ƲǀǽȚȗ ƲǁǁǋǱǋȍƲȗǽȍȐळ ǇǋȗǋǁȗǽȍȐळ ȊǞΘȐǡǁȐ ǶǽǇǋǱȐळ ȐȗƲȗǡȐȗǡǁȐळ ƲǷǇ

ȗǞǋ ǘǋǷǋȍƲǱ ǋΗȊǋȍǡǋǷǁǋ ǽǗ ǇǽǡǷǘ ǀǡǘ ȐǁǡǋǷǁǋल / ǞǽȊǋ ȗǽ ƲȊȊǱΘ ȗǞǋ ȐƲǶǋ ǱǋΑǋǱ ǽǗ ǁƲȍǋ Ǘǽȍ ǶΘ ȐȗȚǇǋǷȗȐ ƲȐ

/ ȊȍǽǘȍǋȐȐ ǡǷ ǶΘ ǁƲȍǋǋȍ ƲȐ Ʋ ȊƲȍȗǡǁǱǋ ȊǞΘȐǡǁǡȐȗल

bǞƲǷǯ ΘǽȚ ȗǽ ȗǞǋ ȊǽȐȗ Ǉǽǁ ǶǋǷȗǽȍȐ /ঌΑǋ ǞƲǇ ȗǞǋ ȊǱǋƲȐȚȍǋ ǽǗ ΒǽȍǯǡǷǘ ΒǡȗǞ ǇȚȍǡǷǘ ǶΘ UǞ�ल bǽ

[ȗǋǗƲǷǽळ ȗǞƲǷǯ ΘǽȚ Ǘǽȍ ǘȚǡǇǡǷǘ Ƕǋ ȗǞȍǽȚǘǞ ǶΘ ȌȚƲǱǡϮǁƲȗǡǽǷ ȗƲȐǯ ǡǷ B�U ƲǷǇ ȗǞȍǽȚǘǞ ǶΘ ϮȍȐȗ

ƲǷƲǱΘȐǡȐ ȊȍǽǬǋǁȗ ǽǷH → µµल / ǞǽǱǇ ΘǽȚ ȍǋȐȊǽǷȐǡǀǱǋ Ǘǽȍ ǶƲǯǡǷǘ ȗǞǋ ϮȍȐȗ ǞƲǱǗ ǽǗ ǶΘ UǞ� ǋΗǁǱȚȐǡΑǋǱΘ

ƲǀǽȚȗ ǶȚǽǷȐळ ΒǞǡǁǞ / ȗǞǡǷǯ ΒƲȐ Ʋ ǘȍǋƲȗ ΒƲΘ ȗǽ ǀǋ ǡǷȗȍǽǇȚǁǋǇ ȗǽ �b=�[ल bǞǋ ǶȚǽǷ ǁǽǶǶȚǷǡȗΘ ǡȐ

ϮǱǱǋǇ ΒǡȗǞ ǘǽǽǇ ȊǋǽȊǱǋ ƲǷǇ / ƲǶ ǞƲȊȊΘ ȗǽ ǞƲΑǋ ǀǋǋǷ Ʋ ȊƲȍȗ ǽǗ ǡȗ Ǘǽȍ Ʋ ȗǡǶǋल bǞƲǷǯ ΘǽȚ ȗǽ ǶΘ ǁȚȍȍǋǷȗ

ȊǽȐȗ Ǉǽǁ �ǱǋΗƲǷǇȍƲळ ΒǞǽȐǋ ǋΗȊǋȍȗǡȐǋ ǡǷ ȗǽȊ ȊǞΘȐǡǁȐ ǱǋǇ Ƕǋ ǇǽΒǷ ȗǞǋ ȊƲȗǞ ȗǽΒƲȍǇȐ ȗǞǋ ȗǽȊǡǁ ǽǗ ȗǞǡȐ

ȗǞǋȐǡȐल yǽȚȍ ȐȚȐȗƲǡǷǋǇ ǡǷȗǋȍǋȐȗ ǡǷ ȗǽȊ ȌȚƲȍǯ ȊǞΘȐǡǁȐ ǡȐ Ʋ ǘȍǋƲȗ ǋΗƲǶȊǱǋ ǽǗ ǞǽΒ ǗƲȍ ǇǋǇǡǁƲȗǡǽǷ ΒǡǱǱ ǘǋȗ

ΘǽȚ ǡǷ ȗǞǡȐ ϮǋǱǇल / ǁƲǷঌȗ ȗǞƲǷǯ ΘǽȚ ǋǷǽȚǘǞ Ǘǽȍ ΘǽȚȍ ΒǡǱǱǡǷǘǷǋȐȐ ȗǽ ǁƲȍΑǋ ǽȚȗ ȗǡǶǋ Ǘǽȍ Ƕǋ Ƿǽ ǶƲȗȗǋȍ

ǞǽΒǶƲǷΘ ǇǽΝǋǷȐ ǽǗ ǽȗǞǋȍ ȗƲȐǯȐ ΘǽȚ ǞƲǇ ǽǷ ΘǽȚȍ ȊǱƲȗǋल bǞƲǷǯ ΘǽȚ ƲǱȐǽ ȗǽ �ǱǋΗ ƲǷǇ =ƲȍȍΘळ ΒǞǽ

ǶƲǇǋ ΒǽȍǯǡǷǘ ǽǷ ȗǞǋ CǋΒ [ǶƲǱǱ sǞǋǋǱ ǗȚǷ ƲǷǇ ǡǷȗǋȍǋȐȗǡǷǘ ǡǷ ȐȊǡȗǋ ǽǗ ȗǞǋ ȐȗȍǋȐȐ ƲǷǇ ǁǞƲǱǱǋǷǘǋ ǽǗ

Ηǡǡ



ǁǽǶǶǡȐȐǡǽǷǡǷǘल

bǞƲǷǯ ΘǽȚ ƲǱȐǽ ȗǽ ȗǞǋ tt̄W ƲǷƲǱΘȐǡȐ ȗǋƲǶ ƲǷǇ ȗǞǋ ƲǷƲǱΘȐǡȐ ǁǽǷȗƲǁȗȐळ Uǋȗǋȍ ƲǷǇ XǽǞǡǷल / ǶƲΘ Ƿǽȗ

ǞƲΑǋ ǀǋǋǷ ƲǀǱǋ ȗǽ ǘȍƲǇȚƲȗǋ ǽǷ tt̄W ǀΘ ȗǞǡȐ ȊǽǡǷȗ ǡǗ ǡȗ ǞƲǇ Ƿǽȗ ǀǋǋǷ Ǘǽȍ ΘǽȚȍ ǱǋƲǇǋȍȐǞǡȊ ǽǷ ȗǞǡȐ ΑǋȍΘ

ǁǽǶȊǱǡǁƲȗǋǇ ǶǋƲȐȚȍǋǶǋǷȗल bǞƲǷǯ ΘǽȚ ƲǱȐǽ ȗǽ bǽǶƲȐळ ΒǞǽ ǞǋǱȊǋǇ Ƕǋ ȚǷǇǋȍȐȗƲǷǇ ȗǞǋ ǇǋȗƲǡǱȐ ǽǗ

ȐȗƲȗǡȐȗǡǁȐ ƲǷǇ ȊȍǽϮǱǋ ǱǡǯǋǱǡǞǽǽǇ ȚǷǗǽǱǇǡǷǘ ȗǞƲȗ Βǋȍǋ ǋȐȐǋǷȗǡƲǱ Ǘǽȍ ȗǞǡȐ ȗǞǋȐǡȐल bǞǽȚǘǞ ǶΘ ǁǽǱǱƲǀǽॺ

ȍƲȗǽȍȐ Ʋȗ ��XC ƲȊȊǋƲȍ ƲȐ ΑǽǡǁǋȐ ǡǷ ȗǞǋ ΑǽǡǇ ǽǗ ~ǽǽǶळ ΘǽȚ ǞƲΑǋ ƲǱǱ ǁǽǷȗȍǡǀȚȗǋǇ ȗǽ ǶΘ ǘȍǽΒȗǞ ƲȐ Ʋ

ǶǋǶǀǋȍ ǽǗ ȗǞǋ �b=�[ ǁǽǱǱƲǀǽȍƲȗǡǽǷल

bǞƲǷǯ ΘǽȚ ȗǽ ȗǞǋ ǽȗǞǋȍ ȐȗȚǇǋǷȗȐ ǡǷ ȗǞǋ ,ƲȍΑƲȍǇ �b=�[ ǘȍǽȚȊ ΒǞǽ / ǞƲǇ ȗǞǋ ȊǱǋƲȐȚȍǋ ȗǽ Ƕǋǋȗ

ǇȚȍǡǷǘ ǽȚȍ ȐǞƲȍǋǇ ȗǡǶǋ ǡǷ ȗǞǋ ǘȍǽȚȊल bǞƲǷǯ ΘǽȚ �ǷǷ Ǘǽȍ ǞǋǱȊǡǷǘ Ƕǋ ǷƲΑǡǘƲȗǋ ȗǞǋ Ǭǽǀ ƲȊȊǱǡǁƲȗǡǽǷ

ȊȍǽǁǋȐȐ ƲǷǇ ȗǞǋȐǡȐ ΒȍǡȗǡǷǘ ॼ / Ǳǽǽǯ ǗǽȍΒƲȍǇ ȗǽ ǁȍǽȐȐǡǷǘ ȊƲȗǞȐ ƲǘƲǡǷ ƲȐ ȊǽȐȗ ǇǽǁȐ Ʋȗ [=��ल bǞƲǷǯ ΘǽȚ

ȗǽ %ȚȐȗƲΑȐळ :ǋȍȍΘळ <ǋǱǋǁǞǡळ ƲǷǇ �ǷȗǞǽǷΘ Ǘǽȍ ǀǋǡǷǘ ƲǷ ƲΒǋȐǽǶǋ ȐȌȚƲǇ ǡǷ %ǋǷǋΑƲल HȚȍ ǁǽǷΑǋȍȐƲȗǡǽǷȐ

ȍƲǷǘǡǷǘ ƲǱǱ ǶƲǷǷǋȍ ǽǗ ȗǽȊǡǁȐ ॠǡǷǁǱȚǇǡǷǘळ ǽǗ ǁǽȚȍȐǋळ ȊǞΘȐǡǁȐॡ ǽΑǋȍ ƲǱǱ ǶƲǷǷǋȍ ǽǗ ǀǋΑǋȍƲǘǋȐ ǶƲǇǋ ǶΘ

ȗǡǶǋ ǡǷ %ǋǷǋΑƲ ƲǷ ƲǀȐǽǱȚȗǋ ǬǽΘल bǞƲǷǯ ΘǽȚ ƲǱȐǽ =ǽȚǡȐǋ Ǘǽȍ ǯǋǋȊǡǷǘ ȚȐ ȊǞΘȐǡǁǡȐȗȐ ȗǋȗǞǋȍǋǇ ȗǽ ȍǋƲǱǡȗΘ

ΒǡȗǞ ȊƲȗǡǋǷǁǋल yǽȚȍ ΝǋƲǱ Ǘǽȍ ǱǡǗǋ ΒǡǱǱ ǷǋΑǋȍ ǁǋƲȐǋ ȗǽ ǡǶȊȍǋȐȐ Ƕǋल [ȊǋǁǡƲǱ ȗǞƲǷǯȐ ȗǽ =ƲȚȍƲ Ǘǽȍ ǁǱȚȗǁǞǡǷǘ

ȗǞǋ U=/q ǁƲǱǡǀȍƲȗǡǽǷȐल /ȗ ΒƲȐ ȗǽȚǘǞ Βǽȍǯळ ǀȚȗ ΘǽȚ Βǋȍǋ ȗǞǋȍǋ ΒǞǋǷ / ƲǷǇ ȗǞǋ ȗǋƲǶ ǷǋǋǇǋǇ ΘǽȚ ǶǽȐȗल

bǞƲǷǯȐ ȗǽ <ǋǋȐ Ǘǽȍ ȐǞƲȍǡǷǘ ΘǽȚȍ ȗǞǽȚǘǞȗȐ ǽǷ ȗǽȊǡǁ ǗȍǽǶǶƲǁǞǡǷǋ ǱǋƲȍǷǡǷǘ ȗǽ ǁȍǽȐȐ ǁǽȚǷȗȍΘ ȍǽƲǇ

ȗȍǡȊȐल

bǞƲǷǯ ΘǽȚ ȗǽ ~ƲǁǞ Ǘǽȍ ǀǋǡǷǘ ȗǞǋ ǀǋȐȗ ȍǽǽǶǶƲȗǋ / ǞƲǇ ǋΑǋȍ ǞƲǇ ॠȗǞȍǽȚǘǞ Ʋ ǘǱǽǀƲǱ ȊƲǷǇǋǶǡǁ ȗǽ

ǀǽǽȗळ ΒǞǋȍǋ ΘǽȚ ƲǱȐǽ ǀǋǁƲǶǋ ǶΘ ǽϨǁǋǶƲȗǋॡल [ǞǽȚȗ ǽȚȗ ȗǽ ȗǞǋ %ǋǷǋΑƲ /ǷȗǋȍǷȐ �ȐȐǽǁǡƲȗǡǽǷ Ǘǽȍ ǗƲॺ

ǁǡǱǡȗƲȗǡǷǘ Ʋ ǁǞƲǷǁǋ ǶǋǋȗǡǷǘ ȗǞƲȗ ǱǋƲǇ Ƕǋ ȗǽ :ǽȐǋȊǞळ �ΑƲǷळ ƲǷǇ XǞΘȐल / ǽȗǞǋȍΒǡȐǋ ǷǋΑǋȍ ΒǽȚǱǇ ǞƲΑǋ

ǀǋǗȍǡǋǷǇǋǇ ǶǋǶǀǋȍȐ ǽǗ ȗǞǋ ǋǷǋǶΘ ȗǋƲǶ ॠ�B[ॡल bǞƲǷǯ ΘǽȚ ƲǱǱ Ǘǽȍ ȗǞǋ ǞǡǯǋȐळ ȊǡǁǷǡǁȐ Ʋȗ UǋȍǱǋ ǇȚ =Ʋǁळ

ƲǷǇ ǽȗǞǋȍ ȚǷǡȌȚǋ ƲǁȗǡΑǡȗǡǋȐ ǡǷ %ǋǷǋΑƲल

Ηǡǡǡ



bǞƲǷǯ ΘǽȚ ȗǽ ǶΘ ǗȍǡǋǷǇȐ ǡǷ �ƲǶǀȍǡǇǘǋळ <ȍǡȐळ �ǱΘȐǽǷळ ƲǷǇ [ǽȚǶΘƲल BΘ ȍǽǽǶǶƲȗǋ ƲǗȗǋȍ ǁǽǱǱǋǘǋळ

<ȍǡȐ ǡȐ Ʋ ǶƲǷ ΒǞǽ ȐȗƲǷǇȐ ǽȚȗ ƲǶǽǷǘ ǱǋȐȐǋȍ ǶǋǷल BΘ ǗȍǡǋǷǇȐǞǡȊ ΒǡȗǞ ΘǽȚ ǡȐ ȗȍȚǱΘ ȚǷǡȌȚǋल sǞƲȗ

ȐȗƲȍȗǋǇ ƲȐ Ʋ ȐǞƲȍǋǇ ǡǷȗǋȍǋȐȗ ǡǷ ǁȍƲǗȗ ǀǋǋȍळ ǁǽϥǋǋळ ƲǷǇ ΒǞǡȐǯǋΘळ ǶΘ ǗȍǡǋǷǇȐǞǡȊ ΒǡȗǞ �ǱΘȐǽǷ ǞƲȐ ǘȍǽΒǷ

ǽΑǋȍ ȗǞǋ ǱƲȐȗ ࣆ ΘǋƲȍȐ ƲǷǇ ΒǡǱǱ ǞǽȊǋǗȚǱǱΘ ǁǽǷȗǡǷȚǋ ȗǽ Ȑǋǋ ȚȐ ǀǋǁǽǶǋ ǱǋȐȐ ǽǗ ǞƲȍǇǁǽȍǋ [ǽǶǋȍΑǡǱǱǋ ǞǡȊॺ

ȐȗǋȍȐल =ƲȐȗǱΘळ ȗǞǋȍǋঌȐ [ǽȚǶΘƲळ ǽǷǋ ǽǗ ȗǞǋ ǶǽȐȗ ȚǷǡȌȚǋ ȊǋǽȊǱǋ /ঌΑǋ ǋΑǋȍ Ƕǋȗल / ǯǷǽΒ ȗǞƲȗ Ƿǽ ǶƲȗȗǋȍ

ǞǽΒ ǽȚȍ ȊƲȗǞȐ ǶƲΘ ǇǡΑǋȍǘǋळ Ʋȗ ǋΑǋȍΘ ǁȍǽȐȐǡǷǘ Βǋ ΒǡǱǱ ȐȊǋǷǇ ǞǽȚȍȐ ǽǷ ǶǋƲǷǇǋȍǡǷǘ ǁǽǷΑǋȍȐƲȗǡǽǷȐ ǀǋॺ

Ǘǽȍǋ ǀǋǡǷǘ ƲǀǱǋ ȗǽ ƲǁȗȚƲǱǱΘ ǁƲȗǁǞ ȚȊल

bǞƲǷǯ ΘǽȚ ȗǽ :ǽǋΘ Ǘǽȍ ǀǋǡǷǘ ǶΘ ǀǋȐȗ ǗȍǡǋǷǇ ǽΑǋȍ ȗǞǋ ǱƲȐȗ ࣁࣂ ΘǋƲȍȐल bǞƲǷǯ ΘǽȚ ȗǽ =ƲȚȍƲ Ǘǽȍ ǀǋǡǷǘ

ǀΘ ǶΘ ȐǡǇǋ ȗǞȍǽȚǘǞ ȗǞǡǁǯ ƲǷǇ ȗǞǡǷल $ǡǷƲǱǱΘळ ȗǞƲǷǯ ΘǽȚ ȗǽ ǶΘ ǗƲǶǡǱΘ ΒǞǽ ǋǷǁǽȚȍƲǘǋ Ƕǋ ȗǽ ȊȚȍȐȚǋ ǶΘ

ȊƲȐȐǡǽǷ ƲǷǇ ƲǱȐǽ ȗǋƲȐǋ Ƕǋ ȗǽ ǁǞǋǁǯ ǶΘ ǋǘǽल

ΗǡΑ



UƲȍȗ /

bǞǋǽȍΘ

ࣂ



1
bǞǋ [ȗƲǷǇƲȍǇBǽǇǋǱ

ࣂঢࣂ �ӂҟӈҟӉӪ҇ӟӾ U҇ӟӪҲҕӂҟӣ

bǞǋ [ȗƲǷǇƲȍǇBǽǇǋǱ ǽǗ ȊƲȍȗǡǁǱǋ ȊǞΘȐǡǁȐ ǡȐ ȗǞǋ ǶǽȐȗ ǁǽǶȊȍǋǞǋǷȐǡΑǋ ȗǞǋǽȍΘ ǽǗ ȗǞǋ ǗȚǷǇƲǶǋǷȗƲǱ ǁǽǷॺ

ȐȗǡȗȚǋǷȗȐ ǽǗ ǶƲȗȗǋȍ ƲǷǇ ǋǷǋȍǘΘ ǇǋΑǡȐǋǇ ǀΘ ǞȚǶƲǷǯǡǷǇल /ȗ ȊǽȐǡȗȐ ȗǞǋ ǋΗǡȐȗǋǷǁǋ ǽǗ ǱǋȊȗǽǷȐ ƲǷǇ ȌȚƲȍǯȐ

ȗǞƲȗ ǁǽƲǱǋȐǁǋ ȗǽ ǗǽȍǶ ǽȍǇǡǷƲȍΘ ǶƲȗȗǋȍ Ʋȗ ǶƲǁȍǽȐǁǽȊǡǁ ȐǁƲǱǋȐ ƲǷǇ ǀǽȐǽǷȐ ȗǞƲȗ ǶǋǇǡƲȗǋ ǡǷȗǋȍƲǁȗǡǽǷȐल

bǞǋ ǇΘǷƲǶǡǁȐ ǽǗ ȗǞǋ ȗǞǋǽȍΘ ǡǷǁǱȚǇǋ ȗǞǋ ǋǱǋǁȗȍǽǶƲǘǷǋȗǡǁ ǡǷȗǋȍƲǁȗǡǽǷ ǶǋǇǡƲȗǋǇ ǀΘ ȗǞǋ ȊǞǽȗǽǷ γळ ȗǞǋ

ȐȗȍǽǷǘ ǷȚǁǱǋƲȍ ǡǷȗǋȍƲǁȗǡǽǷ ǶǋǇǡƲȗǋǇ ǀΘ ȗǞǋ ǘǱȚǽǷ gळ ƲǷǇ ȗǞǋ ΒǋƲǯ ǷȚǁǱǋƲȍ Ǘǽȍǁǋ ǶǋǇǡƲȗǋǇ ǀΘ ȗǞǋ ǶƲȐॺ

ȐǡΑǋW± ƲǷǇZ0 ǀǽȐǽǷȐल bǞǋ [B ȊƲȍȗǡǁǱǋ ǁǽǷȗǋǷȗ ƲǷǇ ǡȗȐ ǡǷȗǋȍƲǁȗǡǽǷȐ Ʋȍǋ ǡǱǱȚȐȗȍƲȗǋǇ ǡǷ $ǡǘȚȍǋ लࣂलࣂ

ࣃ



�ǋΘǽǷǇ Ʋ Ƕǋȍǋ ǁƲȗƲǱǽǘȚǋ ǽǗ ȗǞǋ ǯǷǽΒǷ ǋǱǋǶǋǷȗƲȍΘ ȊƲȍȗǡǁǱǋȐळ ȗǞǋ [ȗƲǷǇƲȍǇBǽǇǋǱ ॠ[Bॡ ǇǋȐǁȍǡǀǋȐ

ȗǞǋǡȍ ȊȍǽȊǋȍȗǡǋȐ ƲǷǇ ǡǷȗǋȍƲǁȗǡǽǷȐल bǞǋ ǶǽȐȗ ǁǽǶǶǽǷ ȚȐǋ ǽǗ ȗǞǋ [B Ǘǽȍ ǞǡǘǞ ǋǷǋȍǘΘ ȊǞΘȐǡǁȐ ǡȐ ȗǞǋ ǁƲǱॺ

ǁȚǱƲȗǡǽǷ ǽǗ ȐǁƲȗȗǋȍǡǷǘ ƲǶȊǱǡȗȚǇǋȐळ ȗΘȊǡǁƲǱǱΘ ǀΘ ǶǋƲǷȐ ǽǗ Ʋ ȊǋȍȗȚȍǀƲȗǡΑǋ ǋΗȊƲǷȐǡǽǷ ǡǷ ȐǶƲǱǱ ǁǽȚȊǱǡǷǘ

ȐȗȍǋǷǘȗǞȐल �ƲǁǞ ȗǋȍǶ ǡǷ ȗǞǋ ȊǋȍȗȚȍǀƲȗǡΑǋ ǋΗȊƲǷȐǡǽǷ ǁƲǷ ǀǋ ȍǋȊȍǋȐǋǷȗǋǇ ǀΘ Ʋ Ȑǋȗ ǽǗ $ǋΘǷǶƲǷ ǇǡƲǘȍƲǶȐळ

ƲǱǱǽΒǡǷǘ Ǘǽȍ ƲǷ ǡǷȗȚǡȗǡΑǋ ǡǷȗǋȍȊȍǋȗƲȗǡǽǷ ǽǗ ȗǞǋ ȊȍǽǁǋȐȐǋȐ ȗǞƲȗ ǶǋǇǡƲȗǋ ȗǞǋ ȐǁƲȗȗǋȍǡǷǘ ǡǷȗǋȍƲǁȗǡǽǷल �Ȑ

ƲǷ ǋΗƲǶȊǱǋळ ȗǞǋ sॺǁǞƲǷǷǋǱ ǇǡƲǘȍƲǶ Ǘǽȍ tt̄ ȊȍǽǇȚǁȗǡǽǷ ǡǷ pp ǁǽǱǱǡȐǡǽǷȐ ǡȐ ȐǞǽΒǷ ǡǷ $ǡǘȚȍǋ लࣃलࣂ bǞǡȐ

ǁǞƲȊȗǋȍ ΒǡǱǱ ȊȍǽΑǡǇǋ ƲǷ ǽΑǋȍΑǡǋΒ ǽǗ ȗǞǋ ǗǽȍǶȚǱƲȗǡǽǷ ǽǗ ȗǞǋ [ȗƲǷǇƲȍǇBǽǇǋǱळ ǞǡǘǞǱǡǘǞȗǡǷǘ ǡȗȐ ǯǋΘ ǗǋƲॺ

ȗȚȍǋȐ ȍǋǱǋΑƲǷȗ Ǘǽȍ ȗǞǋ Βǽȍǯ ǇǋȐǁȍǡǀǋǇ ǡǷ ȗǞǡȐ ȗǞǋȐǡȐल bǞǡȐ ǁǞƲȊȗǋȍ ǇȍƲΒȐ ǗȍǽǶ ȍǋǗǋȍǋǷǁǋȐ ।ࣃࣃळ ळࣄࣃ ॥ࣅࣃ

ǞǋƲΑǡǱΘ ȗǞȍǽȚǘǞǽȚȗल

)LJXUH ���� 7KH LQWHUDFWLRQV RI WKH 60� %ODFN RYDOV UHSUHVHQW SDUWLFOHV ZKLOH OLQHV FRQQHFW SDUWLFOHV WKDW FRXSOH�

*DXJH LQWHUDFWLRQV DUH VKRZQ LQ EOXH� ZKLOH WKH <XNDZD FRXSOLQJV DQG+LJJV HOHFWURZHDN FRXSOLQJV DUH VKRZQ

LQ JUHHQ DQG RUDQJH� %DVHG RQ >�@�

ࣄ



g

g

t

t̄

)LJXUH ���� )H\QPDQ GLDJUDP IRU s�FKDQQHO tt̄ SURGXFWLRQ DW WKH /+&

ࣃঢࣂ /ӉӪҟӟ҇ҕӪҲӐӉӣ ҇Ӊқ [ӾӈӈҟӪӟҲҟӣ

bǞǋ [ȗƲǷǇƲȍǇBǽǇǋǱ ǡȐ Ʋ ȍǋǷǽȍǶƲǱǡΝƲǀǱǋ ȌȚƲǷȗȚǶ ϮǋǱǇ ȗǞǋǽȍΘ ǁǽǶȊǽȐǋǇ ǽǗ ǡǷǇǡΑǡȐǡǀǱǋ ȊƲȍȗǡǁǱǋȐल

bǞǋȐǋ ȊƲȍȗǡǁǱǋȐ Ʋȍǋ ȚǷǇǋȍȐȗǽǽǇ ƲȐ ǋΗǁǡȗƲȗǡǽǷȐ ǡǷ ȌȚƲǷȗȚǶ ϮǋǱǇȐ ȗǞƲȗ ȊǋȍǶǋƲȗǋ ȐȊƲǁǋȗǡǶǋल UƲȍȗǡǁǱǋ

ȐȊǋǁǡǋȐ ǁƲǷ ǀǋ ǇǋϮǷǋǇ ƲȐ ȗǞǋ ǡȍȍǋǇȚǁǡǀǱǋ ȚǷǡȗƲȍΘ ȍǋȊȍǋȐǋǷȗƲȗǡǽǷȐ ǽǗ ȗǞǋ UǽǡǷǁƲȍǌ ǘǱǽǀƲǱ ȐΘǶǶǋȗȍΘ

ǘȍǽȚȊ /[H(1, 3) ǽǗ =ǽȍǋǷȗΝ ȗȍƲǷȐǗǽȍǶƲȗǡǽǷȐल /Ƿ ȗǞǡȐ ΒƲΘळ ȗǞǋ ȊȍǡǷǁǡȊǱǋȐ ǽǗ [ȊǋǁǡƲǱ XǋǱƲȗǡΑǡȗΘ Ʋȍǋ ǗȚǷॺ

ǇƲǶǋǷȗƲǱǱΘ ǋǶǀǋǇǇǋǇ ǡǷ ȗǞǋ ȗǞǋǽȍΘल UƲȍȗǡǁǱǋȐ Ʋȍǋ ȚǷǡȌȚǋǱΘ ǁǱƲȐȐǡϮǋǇ ǀΘ ȗǞǋǡȍ ǶƲȐȐmळ Ʋ ǷǽǷॺǷǋǘƲȗǡΑǋ

ȍǋƲǱ ǷȚǶǀǋȍळ ƲǷǇ ȗǞǋǡȍ ȐȊǡǷ J ळ ΒǞǡǁǞ ǁƲǷ ȗƲǯǋ ȊǽȐǡȗǡΑǋ ǞƲǱǗॺǡǷȗǋǘǋȍ ΑƲǱȚǋȐ J = 0, 1/2, 1, 3/2, 2, . . . लࣂ

bǞǋ ǁǽǷȐȗȍȚǁȗǡǽǷ ǽǗ ȗǞǋ ȗǞǋǽȍΘ ȍǋǱǡǋȐ ǽǷ ȊƲǁǯƲǘǡǷǘ ȗǞǋȐǋ ȐȊǡǷ ȐȗƲȗǋȐ ǡǷȗǽ =ǽȍǋǷȗΝ ǁǽΑƲȍǡƲǷȗ ΑǋǁȗǽȍȐ

ƲǷǇ ȗǋǷȐǽȍȐ ȗǞƲȗ ȊȍǽȊƲǘƲȗǋ Ʋ ǱƲȍǘǋȍ ǷȚǶǀǋȍ ǽǗ ǇǋǘȍǋǋȐ ǽǗ ǗȍǋǋǇǽǶ ȗǞƲǷ ǡȐ ȍǋȌȚǡȍǋǇ Ǘǽȍ ȊƲȍȗǡǁǱǋ ȐȗƲȗǋȐल

/Ƿ ǽȍǇǋȍ ȗǽ ȍǋǶǽΑǋ ȗǞǋȐǋ ǋΗȗȍƲ ǇǋǘȍǋǋȐ ǽǗ ǗȍǋǋǇǽǶळ ǱǽǁƲǱ ȐΘǶǶǋȗȍǡǋȐ Ʋȍǋ ǡǶȊǽȐǋǇ ΑǡƲ ǘƲȚǘǋ ȗȍƲǷȐǗǽȍॺ

ǶƲȗǡǽǷȐ ǽǗ ϮǋǱǇȐ ȗǞƲȗ ǱǋƲΑǋ ȗǞǋ [B =ƲǘȍƲǷǘǡƲǷ ǡǷΑƲȍǡƲǷȗल bǞǋ ȚǷǀȍǽǯǋǷ ȐΘǶǶǋȗȍΘ ǘȍǽȚȊ ǽǗ ȗǞǋ [B

ǡȐ ǘǡΑǋǷ ǀΘ �ȌȚƲȗǡǽǷ ऴࣂलࣂ

G[B = [e(3)C × [e(2)L ⊗ e(1)YW ॠࣂलࣂॡ

�ǇǇǡȗǡǽǷƲǱࣂ ǡǶǶȚȗƲǀǱǋ ȊȍǽȊǋȍȗǡǋȐ Ǳǡǯǋ ǁǽǱǽȍळ ǁǞƲȍǘǋळ ΒǋƲǯ ǡȐǽȐȊǡǷळ ƲǷǇ ΒǋƲǯ ǞΘȊǋȍǁǞƲȍǘǋ Ʋȍǋ ƲǇǇǋǇ ȗǽ ȗǞǋ
ǱǡȐȗ ǽǗ ȌȚƲǷȗȚǶ ǷȚǶǀǋȍȐ ȗǞƲȗ ȚǷǡȌȚǋǱΘ ǇǋϮǷǋ ȊƲȍȗǡǁǱǋ ȐȊǋǁǡǋȐ ΒǞǋǷ ȗǞǋ ȗǞǋǽȍΘ ǇǋȐǁȍǡǀǡǷǘ ȗǞǋǡȍ ǡǷȗǋȍƲǁȗǡǽǷȐ ǡȐ
ǘƲȚǘǋǇल

ࣅ



bǞǡȐ ǡȐ ȗǞǋ Ǉǡȍǋǁȗ ȊȍǽǇȚǁȗ ǽǗ ȗǞǋ ȐΘǶǶǋȗȍΘ ǘȍǽȚȊȐ ǽǗ ȗǞǋ ȐȗȍǽǷǘ ǡǷȗǋȍƲǁȗǡǽǷळ ΒǞǡǁǞ ǁǽȚȊǱǋȐ ȗǽ ǁǽǱǽȍ

ǁǞƲȍǘǋळ ƲǷǇ ȗǞǋ ǋǱǋǁȗȍǽΒǋƲǯ ǡǷȗǋȍƲǁȗǡǽǷळ ΒǞǡǁǞ ǁǽȚȊǱǋȐ ȗǽ ΒǋƲǯ ǡȐǽȐȊǡǷ %I ǽǗ ǱǋǗȗॺǞƲǷǇǋǇ ǗǋȍǶǡǽǷȐ

ƲǷǇ ΒǋƲǯ ǞΘȊǋȍǁǞƲȍǘǋ YW ल bǞǋȐǋ ǱǽǁƲǱ ȐΘǶǶǋȗȍǡǋȐ ǱǋƲǇ ȗǽ ȗǞǋ ǁǽǷȐǋȍΑƲȗǡǽǷ ǽǗ ǁǞƲȍǘǋȐ ȗǽ ΒǞǡǁǞ ȗǞǋ

ǗȚǷǇƲǶǋǷȗƲǱ ǡǷȗǋȍƲǁȗǡǽǷȐ ǁǽȚȊǱǋ ȗǞȍǽȚǘǞ CǽǋȗǞǋȍঌȐ ȗǞǋǽȍǋǶल $ȚȍȗǞǋȍǶǽȍǋळ ȗǞǋ [B =ƲǘȍƲǷǘǡƲǷ ǡȐ

ǡǷΑƲȍǡƲǷȗ ȚǷǇǋȍ CPT ȗȍƲǷȐǗǽȍǶƲȗǡǽǷȐळ ȗǞǋ ȐǡǶȚǱȗƲǷǋǽȚȐ ȍǋΑǋȍȐƲǱ ǽǗ ǁǞƲȍǘǋळ ȊƲȍǡȗΘळ ƲǷǇ ȗǡǶǋल $ǡǷƲǱǱΘळ

ȗǞǋ [B =ƲǘȍƲǷǘǡƲǷ ǋΗǞǡǀǡȗȐ ƲǷ ƲǇǇǡȗǡǽǷƲǱ Ȑǋȗ ǽǗ ƲǁǁǡǇǋǷȗƲǱ ȐΘǶǶǋȗȍǡǋȐ ȗǞƲȗ Ʋȍǋ Ƿǽȗ ǋǶǀǋǇǇǋǇ ǡǷ

ȗǞǋ ǶǽǇǋǱ Ʋ Ȋȍǡǽȍǡल bǞǋȐǋ ǱǋƲǇ ȗǽ ȗǞǋ ǁǽǷȐǋȍΑƲȗǡǽǷ ǽǗ ǀƲȍΘǽǷ ǷȚǶǀǋȍ ƲǷǇ ȗǞǋ ȗǞȍǋǋ ǱǋȊȗǽǷ ǗƲǶǡǱΘ

ǷȚǶǀǋȍȐल

bǞǋ [B ǡȐ ǋΗȊǱǡǁǡȗǱΘ ǇǋϮǷǋǇ ȗǞȍǽȚǘǞ ǡȗȐ =ƲǘȍƲǷǘǡƲǷ ǇǋǷȐǡȗΘ ॠȚȊ ȗǽ ȗǽȗƲǱ ǇǋȍǡΑƲȗǡΑǋ ȗǋȍǶȐॡ ƲǷǇ ǁƲǷ

ǀǋ ǁǽǷȐǡǇǋȍǋǇ ȊǡǋǁǋΒǡȐǋ ǡǷ �ȌȚƲȗǡǽǷ ऴࣃलࣂ

L[B = LW�� + L�s + L, + LyȚǯƲΒƲ ॠࣂलࣃॡ

WȚƲǷȗȚǶ ǁǞȍǽǶǽǇΘǷƲǶǡǁȐळ ȗǞǋ ȗǞǋǽȍΘ ǽǗ ȗǞǋ ȐȗȍǽǷǘ ǡǷȗǋȍƲǁȗǡǽǷ ΒǞǡǁǞ ǁǽȚȊǱǋȐ ȗǽ ȊƲȍȗǡǁǱǋȐ ΒǡȗǞ

ǁǽǱǽȍ ǁǞƲȍǘǋळ ǡȐ ǋǷǁƲȊȐȚǱƲȗǋǇ ǡǷ ȗǞǋ ϮȍȐȗ ȗǋȍǶ ǽǗ ȗǞǋ [B =ƲǘȍƲǷǘǡƲǷऴ

LW�� =
∑

ψ

ψ̄iiγ
µDij

µ ψj −
1

4
Ga

µνG
µν
a ॠࣂलࣄॡ

,ǋȍǋळ ψ ǡȐ ȗǞǋ ॺǁǽǶȊǽǷǋǷȗࣅ �ǡȍƲǁ ȐȊǡǷǽȍ Ǘǽȍ ǋƲǁǞ ǽǗ ȗǞǋ ࣇ ǶƲȐȐǱǋȐȐ ȌȚƲȍǯȐळ i = {r, g, b} Ʋȍǋ ȗǞǋ

ȗǞȍǋǋ ǁǽǱǽȍ ǡǷǇǡǁǋȐळ ƲǷǇGa
µ ǡȐ ȗǞǋ ॺǁǽǶȊǽǷǋǷȗࣉ [e(3) ǘƲȚǘǋ ϮǋǱǇ ǡǷ ȗǞǋ ƲǇǬǽǡǷȗ ȍǋȊȍǋȐǋǷȗƲȗǡǽǷ

ǡǷǇǋΗǋǇ ǀΘ a = {1, 2, . . . , 8}ल bǞǋ ǁǽΑƲȍǡƲǷȗ ǇǋȍǡΑƲȗǡΑǋ ǋǷǁǽǇǋȐ ȗǞǋ ǡǷȗǋȍƲǁȗǡǽǷ ǀǋȗΒǋǋǷ ǘǱȚǽǷȐ ƲǷǇ

ȌȚƲȍǯȐ ƲǷǇ ǡȐ ǘǡΑǋǷ ǀΘ

Dij
µ ψj = ∂µδijψj − igsG

a
µT

a
ijψj ॠࣂलࣅॡ

ࣆ



ΒǞǋȍǋ T a
ij Ʋȍǋ ȗǞǋ 3 × 3%ǋǱǱॺBƲǷǷ ǶƲȗȍǡǁǋȐ ȗǞƲȗ ǘǋǷǋȍƲȗǋ [e(3) ल bǞǋ ǘǱȚǽǷ ϮǋǱǇ ȐȗȍǋǷǘȗǞ ȗǋǷȐǽȍ

Ga
µν ǋǷǁǽǇǋȐ ȗǞǋ ǘǱȚǽǷ ϮǋǱǇ ȊȍǽȊƲǘƲȗǡǽǷ ƲǷǇ ȐǋǱǗॺǡǷȗǋȍƲǁȗǡǽǷ ƲǷǇ ǡȐ ǘǡΑǋǷ ǀΘ

Ga
µν = ∂µG

a
ν − ∂νG

a
µ + gsf

abcGb
µG

c
ν ॠࣂलࣆॡ

ΒǞǋȍǋ fabc Ʋȍǋ ȗǞǋ ȐȗȍȚǁȗȚȍǋ ǁǽǷȐȗƲǷȗȐ ǽǗ [e(3) ल bǞǋ ǷǽǷॺΑƲǷǡȐǞǡǷǘ ȐȗȍȚǁȗȚȍǋ ǁǽǷȐȗƲǷȗȐ ǽǗ ȗǞǋ

W�� =ƲǘȍƲǷǘǡƲǷ ǡȐ Ʋ ȍǋȐȚǱȗ ǽǗ W�� ǀǋǡǷǘ Ʋ ȐǋǱǗॺǡǷȗǋȍƲǁȗǡǷǘळ ǷǽǷॺ�ǀǋǱǡƲǷ ǘƲȚǘǋ ȗǞǋǽȍΘल /ȗ ǡȐ ƲǱȐǽ

Ʋ ȐȗȍǽǷǘǱΘ ǡǷȗǋȍƲǁȗǡǷǘ ȗǞǋǽȍΘ Ʋȗ ǋǷǋȍǘǡǋȐ ǷǋƲȍ ƲǷǇ ǀǋǱǽΒΛQCD ≈ 200BǋqΒǞǋǷ ȗǞǋ ȐȗȍǽǷǘ ǁǽȚॺ

ȊǱǡǷǘ ǁǽǷȐȗƲǷȗ gs ǀǋǁǽǶǋȐO(! 1)ळ ΒǞǡǁǞ ȐȊǽǡǱȐ ȗǞǋ ȊǋȍȗȚȍǀƲȗǡΑǋ ǁƲǱǁȚǱƲȗǡǽǷ ǽǗ ȐǁƲȗȗǋȍǡǷǘ ƲǶȊǱǡॺ

ȗȚǇǋȐ ƲǷǇ ȗǞǋ ǡǷȗǋȍȊȍǋȗƲǀǡǱǡȗΘ ǽǗ $ǋΘǷǶƲǷ ǇǡƲǘȍƲǶȐल /ȗ ǡȐ Ʋȗ ȗǞǡȐ ȐǁƲǱǋ ȗǞƲȗ W�� ǁǽǷϮǷǋȐ ȌȚƲȍǯȐ ȗǽ

ǁǽǱǽȍǱǋȐȐ ǀǽȚǷǇ ȐȗƲȗǋȐ ǁƲǱǱǋǇ ǞƲǇȍǽǷȐ ƲǷǇ ƲǷ ǋǷȗǡȍǋǱΘ ǇǡϥǋȍǋǷȗ ǋϥǋǁȗǡΑǋ ȗǞǋǽȍΘ ǀƲȐǋǇ ǽǷ ȗǞǋ �ǞǡȍƲǱ

=ƲǘȍƲǷǘǡƲǷ ǡȐ ǀǋȗȗǋȍ ȐȚǡȗǋǇ ȗǽ ǶǽǇǋǱ ȗǞǋǡȍ ǇΘǷƲǶǡǁȐल W�� ǀǋǁǽǶǋȐ Ʋ ΒǋƲǯǱΘ ǡǷȗǋȍƲǁȗǡǷǘ ȗǞǋǽȍΘ

Ʋȗ ǋǷǋȍǘΘ ȐǁƲǱǋȐ ǶȚǁǞ ǱƲȍǘǋȍ ȗǞƲǷΛW��ळ ƲȐ ȗǞǋ ǁǽȚȊǱǡǷǘ gs ǀǋǁǽǶǋȐO(" 0.1)ल bǞǡȐ ǞǡǘǞ ǋǷǋȍǘΘ

ǀǋǞƲΑǡǽȍ ǽǗ ȗǞǋ ȐȗȍǽǷǘ ǡǷȗǋȍƲǁȗǡǽǷ ǡȐ ǯǷǽΒǷ ƲȐ ƲȐΘǶȊȗǽȗǡǁ ǗȍǋǋǇǽǶल

bǞǋ ǷǋΗȗ ȗǋȍǶ ǡǷ ȗǞǋ [B =ƲǘȍƲǷǘǡƲǷ ǶǽǇǋǱȐ ȗǞǋ ȊȍǽȊƲǘƲȗǡǽǷ ǽǗ Ǘȍǋǋ ϮǋǱǇȐ ƲǷǇ ǡǷȗǋȍƲǁȗǡǽǷȐ ǡǷ ȗǞǋ

ǋǱǋǁȗȍǽΒǋƲǯ ॠ�sॡ Ȑǋǁȗǽȍऴ

L�s =
∑

ψ

ψ̄γµiDµψ − 1

4
Wµν

a W a
µν −

1

4
BµνBµν ॠࣂलࣇॡ

/Ƿ ȗǞǋ �s =ƲǘȍƲǷǘǡƲǷळ ψ ȍȚǷȐ ǽΑǋȍ ȗǞǋ ॺǁǽǶȊǽǷǋǷȗࣃ sǋΘǱ ȐȊǡǷǽȍȐ Ǘǽȍ ǀǽȗǞ ȌȚƲȍǯȐ ƲǷǇ ǱǋȊȗǽǷȐल

bǞǋ ϮǋǱǇȐBµ ƲǷǇ %Wµ = (W 0
µ ,W

1
µ ,W

2
µ) Ʋȍǋ ȗǞǋ ǶƲȐȐǱǋȐȐ e(1) Y ƲǷǇ [e(2) L ǘƲȚǘǋ ϮǋǱǇȐळ

ࣇ



ȍǋȐȊǋǁȗǡΑǋǱΘल bǞǋ ǁǽΑƲȍǡƲǷȗ ǇǋȍǡΑƲȗǡΑǋ Ǘǽȍ ȗǞǋ �s ǡǷȗǋȍƲǁȗǡǽǷ ǡȐ ǇǋϮǷǋǇ ƲȐ

Dµψ = ∂µψ + ig′
1

2
YWBµψ + ig

1

2
τLi W

i
µψ ॠࣂलࣈॡ

ΒǡȗǞ YW ȗǞǋ ΒǋƲǯ ǞΘȊǋȍǁǞƲȍǘǋ ƲǷǇ τLi ȗǞǋ UƲȚǱǡ ǶƲȗȍǡǁǋȐ ॠȗǞǋL ȐȚȊǋȍȐǁȍǡȊȗ ǇǋǷǽȗǋȐ ȗǞǋǡȍ ƲȊȊǱǡǁƲॺ

ȗǡǽǷ ȗǽ ǱǋǗȗॺǞƲǷǇǋǇ ǗǋȍǶǡǽǷȐ ǽǷǱΘॡल bǞǋ ǯǡǷǋȗǡǁ ȗǋȍǶȐ ǽǗ ȗǞǋBµ ƲǷǇ %Wµ ϮǋǱǇȐ Ʋȍǋ ǇǋϮǷǋǇ ƲǷƲǱǽॺ

ǘǽȚȐǱΘ ȗǽ ȗǞǋ ǯǡǷǋȗǡǁ ȗǋȍǶȐ ǽǗ ȗǞǋ ǘǱȚǽǷ ϮǋǱǇ ǡǷ ȗǞǋ W�� =ƲǘȍƲǷǘǡƲǷळ ΒǞǋȍǋ ȗǞǋ ȐȗȍȚǁȗȚȍǋ ǁǽǷȐȗƲǷȗȐ

Ʋȍǋ ǇǋȍǡΑǋǇ ǗȍǽǶ ȐǋȊƲȍƲȗǋ =ǡǋ ǀȍƲǁǯǋȗȐ ǽǗ ȗǞǋ e(1) ƲǷǇ [e(2) ǘƲȚǘǋ ǘȍǽȚȊ ƲǱǘǋǀȍƲȐ ॠȗǞǋΘ ΑƲǷǡȐǞ

Ǘǽȍ ȗǞǋ �ǀǋǱǡƲǷ ǘȍǽȚȊ e(1) ॡल

bǞǋ ȍǋǶƲǡǷǡǷǘ ȗΒǽ ȗǋȍǶȐ ǽǗ ȗǞǋ [B =ƲǘȍƲǷǘǡƲǷ ǡǷΑǽǱΑǋ ȗǞǋ ,ǡǘǘȐ ϮǋǱǇH ळ Ʋ ǁǽǶȊǱǋΗ ȐǁƲǱƲȍ

ǡȐǽȐȊǡǷ ǇǽȚǀǱǋȗ ΒǡȗǞ YW = +1ΒȍǡȗȗǋǷ ƲȐ

H =
1√
2

(
φ+

φ0

)
ॠࣂलࣉॡ

bǞǋ =ƲǘȍƲǷǘǡƲǷ ȗǞƲȗ ǇǋȐǁȍǡǀǋȐ ȗǞǋ ,ǡǘǘȐ ϮǋǱǇ ƲǷǇ ǡȗȐ ǡǷȗǋȍƲǁȗǡǽǷȐ ΒǡȗǞ ȗǞǋ ǶƲȐȐǱǋȐȐ �s Αǋǁȗǽȍ

ǀǽȐǽǷȐ

L, = (DµH)†(DµH) + V (H) ॠࣂल࣊ॡ

ΒǞǋȍǋ ȗǞǋ ǁǽΑƲȍǡƲǷȗ ǇǋȍǡΑƲȗǡΑǋ Ǘǽȍ ȗǞǋ �s ǡǷȗǋȍƲǁȗǡǽǷDµH ǡȐ ǇǋϮǷǋǇ ƲȐ ǡǷ �ȌȚƲȗǡǽǷ लࣈलࣂ bǞǋ ǶǽȐȗ

ǘǋǷǋȍƲǱ ǘƲȚǘǋॺǡǷΑƲȍǡƲǷȗ ƲǷǇ ȍǋǷǽȍǶƲǱǡΝƲǀǱǋ ,ǡǘǘȐ ȊǽȗǋǷȗǡƲǱ ǡȐ ǘǡΑǋǷ ǀΘ

V (H) = µ2H†H + λH
(
H†H

)2
ॠࣂलࣁࣂॡ

bǞǋ ǶǽȐȗ ǘǋǷǋȍƲǱ ǘƲȚǘǋॺǡǷΑƲȍǡƲǷȗ ȗǋȍǶȐ ȗǞƲȗ ǁƲǷ ǀǋ ΒȍǡȗȗǋǷ Ǘǽȍ ǡǷȗǋȍƲǁȗǡǽǷȐ ǀǋȗΒǋǋǷ ǗǋȍǶǡǽǷȐ ƲǷǇ

ࣈ



ȗǞǋ ,ǡǘǘȐ ȗƲǯǋ ȗǞǋ ǗǽȍǶ ǽǗ ȐǁƲǱƲȍ yȚǯƲΒƲ ǡǷȗǋȍƲǁȗǡǽǷȐऴ

− LyȚǯƲΒƲ = yEijeiRLjH
∗ + yDij diRQjH

∗ + yUijuiRQjH + Ǟलǁल ॠࣂलࣂࣂॡ

ΒǞǋȍǋ ǁƲȍǋ ǞƲȐ ǀǋǋǷ ȗƲǯǋǷ ȗǽ Βȍǡȗǋ ǋΗȊǱǡǁǡȗǱΘ ȗǞǋ ǁǞǡȍƲǱॺȍǡǘǞȗ [e(2) L ȐǡǷǘǱǋȗ ϮǋǱǇȐ eiRळ diRळ ƲǷǇ

uiRल bǞǋ ǁǽǷȐȗƲǷȗȐ yij ǇǋȗǋȍǶǡǷǋ ȗǞǋ ǁǽȚȊǱǡǷǘ ȐȗȍǋǷǘȗǞȐ ǽǗ ǗǋȍǶǡǽǷȐ ȗǽ ȗǞǋ ,ǡǘǘȐ ƲǷǇ ȚǱȗǡǶƲȗǋǱΘ

ǗǋȍǶǡǽǷ ǶƲȐȐǋȐ ǽǷǁǋ ȗǞǋ ,ǡǘǘȐ ϮǋǱǇ ƲǁȌȚǡȍǋȐ Ʋ ΑƲǁȚȚǶ ǋΗȊǋǁȗƲȗǡǽǷ ΑƲǱȚǋळ ΒǞǋȍǋ i, j ǡǷǇǋΗ ȗǞǋ ȗǞȍǋǋ

ǗǋȍǶǡǽǷ ǘǋǷǋȍƲȗǡǽǷȐल Cǽȗǋ ȗǞƲȗ ȗǞǋȍǋ ǡȐ Ʋ ȐǋȊƲȍƲȗǋ ȗǋȍǶ Ǘǽȍ ǁǞƲȍǘǋǇ ǱǋȊȗǽǷȐ ॠyEij ॡळ ȚȊॺȗΘȊǋ ȌȚƲȍǯȐ

ॠyUij ॡळ ƲǷǇ ǇǽΒǷॺȗΘȊǋ ȌȚƲȍǯȐ ॠyDij ॡळ ΒǞǡǱǋ ȗǞǋ [B ȗȍǋƲȗȐ ȗǞǋ ǷǋȚȗȍǡǷǽȐ ƲȐ ǶƲȐȐǱǋȐȐल

bǞǋȐǋ Ʋȍǋ ȗǞǋ ǡǷǘȍǋǇǡǋǷȗȐ ȗǽ ȗǞǋ ȍǋǷǽȍǶƲǱǡΝƲǀǱǋ [BΒǡȗǞ ǡȗȐ ȚǷǀȍǽǯǋǷ ǋǱǋǁȗȍǽΒǋƲǯ ȐΘǶǶǋȗȍǡǋȐल

/ȗ ǇǽǋȐ Ƿǽȗ ǗǋƲȗȚȍǋ ȗǞǋ ΒǋǱǱॺǯǷǽΒǷ ǋǱǋǁȗȍǽΒǋƲǯ ǀǽȐǽǷȐW± ƲǷǇZ0 ƲǷǇ ǗǋȍǶǡǽǷȐ Ʋȍǋ ǶƲȐȐǱǋȐȐल bǞǋ

ǷǋΗȗ ȐǋǁȗǡǽǷ ΒǡǱǱ ǇǡȐǁȚȐȐ ȗǞǋ ȊȍǽǁǋȐȐ ǽǗ ǋǱǋǁȗȍǽΒǋƲǯ ȐΘǶǶǋȗȍΘॺǀȍǋƲǯǡǷǘ ȗǞƲȗ ǶǽȗǡΑƲȗǋǇ ȗǞǋ ǡǷȗȍǽǇȚǁॺ

ȗǡǽǷ ǽǗ ȗǞǋ ǷǋȚȗȍƲǱ ȐǁƲǱƲȍ ǀǽȐǽǷ ȗǽ ȗǞǋ [B ǡǷ ȗǞǋ ϮȍȐȗ ȊǱƲǁǋल

ࣄঢࣂ bүҟ,ҲҪҪӣBҟҕү҇ӉҲӣӈ ҇Ӊқ $ҟӟӈҲӐӉB҇ӣӣҟӣ

bǞǋ ,ǡǘǘȐ ϮǋǱǇळ ȐȚǀȐǋȌȚǋǷȗ �ǱǋǁȗȍǽΒǋƲǯ ȐΘǶǶǋȗȍΘॺǀȍǋƲǯǡǷǘ ॠ�s[�ॡ ǶǋǁǞƲǷǡȐǶळ ƲǷǇ ǋΗǡȐȗǋǷǁǋ

ǽǗ ƲǷ ǽǀȐǋȍΑƲǀǱǋ ǷǋȚȗȍƲǱ ȐǁƲǱƲȍ ǀǽȐǽǷ Βǋȍǋ ȊȍǽȊǽȐǋǇ ǀΘ �ȍǽȚȗळ �ǷǘǱǋȍȗळ ƲǷǇ ,ǡǘǘȐ ǡǷ ࣅࣇ࣊ࣂ ।ࣆࣃळ

॥लࣇࣃ �ǱǋǁȗȍǽΒǋƲǯ ǘƲȚǘǋ ȐΘǶǶǋȗȍΘ ǡȐ ȐȊǽǷȗƲǷǋǽȚȐǱΘ ǀȍǽǯǋǷळ ǡǷ ȗǞƲȗ ȗǞǋ =ƲǘȍƲǷǘǡƲǷ ȍǋǶƲǡǷȐ ǘƲȚǘǋॺ

ǡǷΑƲȍǡƲǷȗ ǀȚȗ ƲǇǶǡȗȐ ΑƲǁȚȚǶ ȐȗƲȗǋȐ ȗǞƲȗ ǀȍǋƲǯ �s ǘƲȚǘǋ ȐΘǶǶǋȗȍΘल %ǡΑǋǷ µ2 < 0 ǡǷ �ȌȚƲȗǡǽǷ ळࣁࣂलࣂ

ȗǞǋ ,ǡǘǘȐ ϮǋǱǇH ƲȐȐȚǶǋȐ Ʋ ǷǽǷΝǋȍǽ ΑƲǁȚȚǶ ǋΗȊǋǁȗƲȗǡǽǷ ΑƲǱȚǋ ॠq�qॡࣃ bǞǋ ,ǡǘǘȐ ǇǽȚǀǱǋȗ ȗǞǋǷ

ȗ/ࣃ ǡȐ ǋΗȊǋǁȗǋǇ ȗǞƲȗ ȗǞǋ ,ǡǘǘȐ ȊǽȗǋǷȗǡƲǱ ǋΑǽǱΑǋǇ ǗȍǽǶ µ2 > 0 ȗǽ µ2 < 0 ǡǷ ȗǞǋ ϮȍȐȗ ǶǽǶǋǷȗȐ ƲǗȗǋȍ ȗǞǋ ȚǷǡॺ
ΑǋȍȐǋ ǀǋǘƲǷल

ࣉ



ȗƲǯǋȐ ȗǞǋ ǗǽǱǱǽΒǡǷǘ ǗǽȍǶळ ΒǞǡǁǞ ǡȐ ȚǷǡȌȚǋ ȚȊ ȗǽ [e(2) L×e(1) YW ǘƲȚǘǋ ȗȍƲǷȐǗǽȍǶƲȗǡǽǷȐऴ

〈H〉 =
(
0

v

)
, ΒǡȗǞ v > 0 ƲǷǇ v2 =

|µ2|
λH

ॠࣂलࣃࣂॡ

bǞǋ ǽǷǱΘ ǱǡǷǋƲȍ ǁǽǶǀǡǷƲȗǡǽǷ ǽǗ ȗǞǋ ࣅ ǘǋǷǋȍƲȗǽȍȐ ǽǗ ȗǞǋ ȚǷǀȍǽǯǋǷ �s ȐΘǶǶǋȗȍΘ ǘȍǽȚȊ ȗǞƲȗ ƲǷǷǡॺ

ǞǡǱƲȗǋȐ 〈H〉ळ ƲǷǇ ȗǞǋȍǋǗǽȍǋ ǱǋƲΑǋLH ǡǷΑƲȍǡƲǷȗ ȚǷǇǋȍ ǡȗȐ ǘƲȚǘǋ ȗȍƲǷȐǗǽȍǶƲȗǡǽǷळ ǡȐ I3 + 1
2YW = Qळ

ΒǞǡǁǞ ǡȐ ȗǞǋ ǋǱǋǁȗȍǡǁ ǁǞƲȍǘǋल bǞǡȐ ǡǶȊǱǡǋȐ ȗǞƲȗ 〈H〉 ǡȐ ȚǷǁǞƲȍǘǋǇल bǞǋȍǋǗǽȍǋ ȗǞǋ ǗȚǱǱ [ȗƲǷǇƲȍǇBǽǇǋǱ

ȐΘǶǶǋȗȍΘ ǘȍǽȚȊ ǘǡΑǋǷ ǡǷ �ȌȚƲȗǡǽǷ ࣂलࣂ ǡȐ ȐȊǽǷȗƲǷǋǽȚȐǱΘ ǀȍǽǯǋǷऴ

[e(3)C ⊗ [e(2)L ⊗ e(1)YW → [e(3)C ⊗ e(1)EM ॠࣂलࣄࣂॡ

bǞǡȐ ǱǋƲǇȐ ȗǽ ȗǞǋ ȊǞǽȗǽǷ ǽǗ ȗǞǋ �ǱǋǁȗȍǽǶƲǘǷǋȗǡǁ ॠ�Bॡ ǡǷȗǋȍƲǁȗǡǽǷ ȍǋǶƲǡǷǡǷǘ ǶƲȐȐǱǋȐȐ ƲǷǇ ȗǞǋ ǁǽǷॺ

ȐǋȍΑƲȗǡǽǷ ǽǗ ǋǱǋǁȗȍǡǁ ǁǞƲȍǘǋल bǞǋ ȐΘǶǶǋȗȍǡǋȐ ǽǗ ȗǞǋ ȍǋǶƲǡǷǡǷǘ ࣄ ǱǡǷǋƲȍ ǁǽǶǀǡǷƲȗǡǽǷȐ ǽǗ ǘǋǷǋȍƲȗǽȍȐ

Ʋȍǋ ǀȍǽǯǋǷ ƲǷǇ ǱǋƲǇ ȗǽ ȗǞǋ ƲǀȐǽȍȊȗǡǽǷ ǽǗ ȗǞǋ ƲȐȐǽǁǡƲȗǋǇ ǇǋǘȍǋǋȐ ǽǗ ǗȍǋǋǇǽǶ ॠ%ǽǱǇȐȗǽǷǋ ǀǽȐǽǷȐॡ ȗǽ

ǗǽȍǶ ȗǞǋ ǱǽǷǘǡȗȚǇǡǷƲǱ ǶǽǇǋȐ ȍǋȌȚǡȍǋǇ Ǘǽȍ ǶƲȐȐǡΑǋW± ƲǷǇZ0 ϮǋǱǇȐल bǞǋ ȍǋǱǋΑƲǷȗ ϮǋǱǇ ǇǋϮǷǡȗǡǽǷȐ

Ʋȍǋ ǘǡΑǋǷ ǀΘऴ

Aµ ≡ sin θwW
3
µ + cos θwBµ ॠࣂलࣅࣂॡ

Zµ ≡ cos θwW
3
µ − sin θwBµ ॠࣂलࣆࣂॡ

W±
µ ≡ 1√

2

(
W 1

µ ∓ iW 2
µ

)
ॠࣂलࣇࣂॡ

࣊



ΒǞǋȍǋ tan θw = g′/gल bǞǋ ȐȚǀȐȗǡȗȚȗǡǽǷ ǽǗ ȗǞǋȐǋ ϮǋǱǇȐ ǡǷȗǽL[B ǘǡΑǋ ȗǞǋ ǗƲǶǡǱǡƲȍ ǁǽǷȐȗƲǷȗȐ ǽǗ ȗǞǋ

[B ƲǗȗǋȍ ȐΘǶǶǋȗȍΘ ǀȍǋƲǯǡǷǘऴ

e = g sin θw ॠ�B ǁǽȚȊǱǡǷǘ ȐȗȍǋǷǘȗǞॡ ॠࣂलࣈࣂॡ

MW =
v

2
g ॠࣂलࣉࣂॡ

MZ =
v

2

√
g2 + g′2 =

MW

cos θw
ॠࣂल࣊ࣂॡ

bǞǋ ȐǽǱǋ ȍǋǶƲǡǷǡǷǘ Ǉǋǘȍǋǋ ǽǗ ǗȍǋǋǇǽǶ ǽǗ ȗǞǋ ǇǽȚǀǱǋȗH ǶƲǷǡǗǋȐȗȐ ƲȐ ƲǷ ǽǀȐǋȍΑƲǀǱǋ ǷǋȚȗȍƲǱ ȐǁƲǱƲȍ

ϮǋǱǇ hळ ΒǞǡǁǞ ǁƲǷ ǀǋ ȐȚǀȐȗǡȗȚȗǋǇ ǡǷȗǽL[Bल /ȗȐ ǶƲȐȐ ǡȐ ǘǡΑǋǷ ǀΘm2
h = 2µ2 = 2λv2ल [ȚǀȐȗǡȗȚȗǡǷǘ

H = 1√
2

( 0
v+h

)
ǡǷȗǽ �ȌȚƲȗǡǽǷ ࣂࣂलࣂ ǘǡΑǋȐ ǶƲȐȐ ȗǋȍǶȐ Ǘǽȍ ȗǞǋ ǗǋȍǶǡǽǷȐ ƲǷǇ ȗǞǋǡȍ ǁǽȚȊǱǡǷǘȐ ȗǽ ȗǞǋ ȐȗƲȗǋ

hऴ

LyȚǯƲΒƲ = − 1√
2

∑

i

yivψi
Lψ

i
R ਭ Ǟलǁल ॠࣂलࣁࣃॡ

− 1√
2

∑

i

yihψi
Lψ

i
R ਭ Ǟलǁल ॠࣂलࣂࣃॡ

ΒǞǋȍǋ i ȍȚǷȐ ǽΑǋȍ ȗǞǋ ǁǞƲȍǘǋǇ ǱǋȊȗǽǷ ƲǷǇ ȌȚƲȍǯ ȐȊǋǁǡǋȐ ƲǷǇ yi ǡȐ ȗǞǋ yȚǯƲΒƲ ǁǽȚȊǱǡǷǘ ȐȗȍǋǷǘȗǞ ǽǗ

ȗǞǋ ǗǋȍǶǡǽǷȐल Cǽȗǋ ȗǞƲȗ ȗǞǋ ǗǋȍǶǡǽǷ ǶƲȐȐ ǡȐ ȊȍǽȊǽȍȗǡǽǷƲǱ ȗǽ ǡȗȐ ǁǽȚȊǱǡǷǘ ȐȗȍǋǷǘȗǞ ȗǽ ȗǞǋ ,ǡǘǘȐ ǀǽॺ

ȐǽǷ hल

bǽ ȐȚǶǶƲȍǡΝǋळ ȗǞǋ ǡȐȐȚǋ ΒǡȗǞ ȗǞǋ �ǱǋǁȗȍǽΒǋƲǯ =ƲǘȍƲǷǘǡƲǷ ǽǗ ȗǞǋ [ȗƲǷǇƲȍǇBǽǇǋǱ ǡȐ ȗǞƲȗ ǗǋȍǶǡǽǷȐ

ƲǷǇ �s ǀǽȐǽǷ ǶƲȐȐ ȗǋȍǶȐ ȐȊǽǡǱ ǘƲȚǘǋ ǡǷΑƲȍǡƲǷǁǋ ǽǗL�sल bǞǋȍǋǗǽȍǋळ ȗǞǋ �s ȐΘǶǶǋȗȍΘ ǡȐ ȐȊǽǷȗƲॺ

ǷǋǽȚȐǱΘ ǀȍǽǯǋǷ ƲǷǇ ǶƲȐȐǋȐ Ʋȍǋ ǗȚȍǷǡȐǞǋǇ Ǘǽȍ ȗǞǋ �s ǀǽȐǽǷȐ ȗǞȍǽȚǘǞ ȗǞǋ ƲǀȐǽȍȊȗǡǽǷ ǽǗ ǇǋǘȍǋǋȐ ǽǗ

ǗȍǋǋǇǽǶ ǗȍǽǶ ȗǞǋ ,ǡǘǘȐ ϮǋǱǇH ल bǞǋ ǗǋȍǶǡǽǷȐ ǽǀȗƲǡǷ ȗǞǋǡȍ ǶƲȐȐǋȐ ȐǡǶȊǱΘ ȗǞȍǽȚǘǞ yȚǯƲΒƲ ǁǽȚॺ

ࣁࣂ



ȊǱǡǷǘ ȗǋȍǶȐल bǞǋȐǋ Ʋȍǋ ȗΒǽ ȌȚƲǱǡȗƲȗǡΑǋǱΘ ǇǡϥǋȍǋǷȗ ǶǋǁǞƲǷǡȐǶȐळ Ʋ ǗƲǁȗ ȗǞƲȗ ΒǡǱǱ ǀǋ ȍǋΑǡȐǡȗǋǇ ǡǷ �ǞƲȊॺ

ȗǋȍ लࣃ

ࣂঢࣄঢࣂ �ҟҩҲҕҲҟӉҕҲҟӣ Ӑҩ Ӫүҟ [Ӫ҇Ӊқ҇ӟқBӐқҟӂ

sǞǡǱǋ ȗǞǋ [B ǞƲȐ ȊȍǽǇȚǁǋǇ ȊȍǋǇǡǁȗǡǽǷȐ ΑǋȍǡϮǋǇ ǀΘ ǋΗȊǋȍǡǶǋǷȗȐ ȗǽ ȗǞǋ ǱǋΑǋǱ ǽǗ ȊƲȍȗȐ Ȋǋȍ ǀǡǱǱǡǽǷ ƲǷǇ

ȐȚǁǁǋȐȐǗȚǱǱΘ ǋΗȊǱƲǡǷȐ ȊǞΘȐǡǁȐ ƲǁȍǽȐȐ ǽȍǇǋȍȐ ǽǗ ǶƲǘǷǡȗȚǇǋळ ǡȗ ǞƲȐ ȐǋΑǋȍƲǱ ǁǱǋƲȍ ǇǋϮǁǡǋǷǁǡǋȐ ȗǞƲȗ ǶǽȗǡΑƲȗǋ

ȗǞǋ ǁǽǷȗǡǷȚǋǇ ȍǋȐǋƲȍǁǞ ǡǷ ǗȚǷǇƲǶǋǷȗƲǱ ȊƲȍȗǡǁǱǋ ȊǞΘȐǡǁȐल bǞǋΘ Ʋȍǋ ǘǡΑǋǷ ƲȐ ǗǽǱǱǽΒȐऴ

लࣂ sǞǡǱǋ ȗǞǋ [B ǁƲǷ ǀǋ ǋΗȗǋǷǇǋǇ ȗǽ ƲǁǁǽǶǶǽǇƲȗǋ ǁȚȍΑǋǇ ȐȊƲǁǋȗǡǶǋ ǘǋǽǶǋȗȍǡǋȐ Ʋȗ ǱǽΒ ǋǷǋȍǘǡǋȐळ
ȗǞǋȍǋ ǡȐ Ƿǽ ȗȍȚǋ ȌȚƲǷȗȚǶ ȗǞǋǽȍΘ ǽǗ ǘȍƲΑǡȗΘ ΒǡȗǞǡǷ ȗǞǋ [Bल

लࣃ [ǡǷǁǋ ȗǞǋ ǽǀȐǋȍΑƲȗǡǽǷ ǽǗ ǘƲǱƲǁȗǡǁ ȍǽȗƲȗǡǽǷ ǁȚȍΑǋȐ ǀΘ XȚǀǡǷ ।ࣈࣃ॥ळ ȊǞΘȐǡǁǡȐȗȐ ǞƲΑǋ ǯǷǽΒǷ ȗǞǋ
ǋΗǡȐȗǋǷǁǋ ǽǗ Ʋ ȐȗƲǀǱǋ ǗǽȍǶ ǽǗ ǶƲȗȗǋȍ ȚǷǱǡǯǋ �ƲȍΘǽǷǡǁ ǶƲȗȗǋȍ ȗǞƲȗ ǇǽǋȐ Ƿǽȗ ǡǷȗǋȍƲǁȗ ǋǱǋǁȗȍǽǶƲǘॺ
ǷǋȗǡǁƲǱǱΘल $ȚȍȗǞǋȍ ƲȐȐȚǶǡǷǘ ȗǞƲȗ ȗǞǋ ȐǽॺǁƲǱǱǋǇ �ƲȍǯBƲȗȗǋȍ ǡȐ ǁǽǷȐȗǡȗȚȗǋǇ ǀΘ ΒǋƲǯǱΘ ǡǷȗǋȍƲǁȗॺ
ǡǷǘ ǶƲȐȐǡΑǋ ȊƲȍȗǡǁǱǋȐ ǘǡΑǋ ȍǡȐǋ ȗǽ ǀƲȍΘǽǷ ƲǁǽȚȐȗǡǁ ǽȐǁǡǱǱƲȗǡǽǷȐ ǡǷ ȗǞǋ ǋƲȍǱΘ ȚǷǡΑǋȍȐǋ ȗǞƲȗ ǋΗȊǱƲǡǷ
ǗǋƲȗȚȍǋȐ ǽǗ ȗǞǋ �ǽȐǶǡǁ BǡǁȍǽΒƲΑǋ �ƲǁǯǘȍǽȚǷǇ ।ࣉࣃ॥ल bǞǋ [B ǇǽǋȐ Ƿǽȗ ǽϥǋȍ Ʋ ǁƲǷǇǡǇƲȗǋ Ǘǽȍ
�ƲȍǯBƲȗȗǋȍ ƲǷǇ Ƿǽ ȊƲȍȗǡǁǱǋ �ƲȍǯBƲȗȗǋȍ ǞƲȐ ǋΑǋȍ ǀǋǋǷ ǇǋȗǋǁȗǋǇल

लࣄ bǞǋ ǋΗǡȐȗǋǷǁǋ ǽǗ �ƲȍǯBƲȗȗǋȍ ƲǷǇ ȗǞǋ ƲǁǁǋǱǋȍƲȗǡǷǘ ǋΗȊƲǷȐǡǽǷ ǽǗ ȗǞǋ ȚǷǡΑǋȍȐǋ ǶǽȗǡΑƲȗǋȐ ȗǞǋ
Λ��BǶǽǇǋǱळ ΒǞǋȍǋΛ ȍǋǗǋȍȐ ȗǽ ȗǞǋ ǁǽȐǶǽǱǽǘǡǁƲǱ ǁǽǷȐȗƲǷȗ ȗǞƲȗ ǁƲǷ ǀǋ ƲǇǇǋǇ ǡǷ �ǡǷȐȗǋǡǷঌȐ
ϮǋǱǇ ǋȌȚƲȗǡǽǷ ȗǽ ǘǡΑǋ ȍǡȐǋ ȗǽ ƲǁǁǋǱǋȍƲȗǋǇ ǋΗȊƲǷȐǡǽǷ ǽǗ ȗǞǋ ȚǷǡΑǋȍȐǋल bǞǋ ǁǽǷΑǋǷȗǡǽǷƲǱ ǡǷȗǋȍॺ
ȊȍǋȗƲȗǡǽǷ ǽǗΛ ǡȐ ȗǞƲȗ ǽǗ Ʋ ΑƲǁȚȚǶ ǋǷǋȍǘΘ ǇǋǷȐǡȗΘल bǞǋ [ȗƲǷǇƲȍǇBǽǇǋǱ ǇǽǋȐ Ƿǽȗ ǋΗȊǱƲǡǷ ȗǞǋ
ǽȍǡǘǡǷ ǽǗ ȗǞǡȐ ΑƲǁȚȚǶ ǋǷǋȍǘΘल

लࣅ /ȗ ǡȐ Ʋ ǁǽǶǶǽǷ ॠǀȚȗ ȊǋȍǞƲȊȐ ǡǷǁǽȍȍǋǁȗॡ ƲȐȐȚǶȊȗǡǽǷ ȗǞƲȗ ȗǞǋ ȚǷǡΑǋȍȐǋ ǀǋǘƲǷ ǡǷ Ʋ ǞǡǘǞǱΘ ǽȍॺ
ǇǋȍǋǇ ȐȗƲȗǋ ΒǡȗǞ ǋȌȚƲǱ ƲǶǽȚǷȗȐ ǽǗ ǶƲȗȗǋȍ ƲǷǇ ƲǷȗǡॺǶƲȗȗǋȍल bǞǋ ǷǋǁǋȐȐƲȍΘ ƲǷǇ ȐȚϨǁǡǋǷȗ ǁǽǷॺ
ǇǡȗǡǽǷȐ Ǘǽȍ ǋǱǋǁȗȍǽΒǋƲǯ ǀƲȍΘǽǘǋǷǋȐǡȐ ȗǽ ǞƲΑǋ ǽǁǁȚȍȍǋǇ ǡǷ ȗǞǋ ǋƲȍǱΘ ȚǷǡΑǋȍȐǋळ ǡलǋल ȗǞǋ ǁȍǋƲȗǡǽǷ
ǽǗ ƲǷ ǡǶǀƲǱƲǷǁǋ ǽǗ ǶƲȗȗǋȍ ǽΑǋȍ ƲǷȗǡॺǶƲȗȗǋȍ Ʋȗ ȗǞǋ ǱǋΑǋǱ ǽǗ ΒǞƲȗ ǡȐ ǽǀȐǋȍΑǋǇ ȗǽǇƲΘळ Βǋȍǋ ǘǡΑǋǷ
[ƲǯǞƲȍǽΑऴ ॡࣂ ǀƲȍΘǽǷ ǷȚǶǀǋȍ ΑǡǽǱƲȗǡǽǷळ ॡࣃ C ƲǷǇ CP ΑǡǽǱƲȗǡǽǷळ ॡࣄ ǇǋȊƲȍȗȚȍǋ ǗȍǽǶ ȗǞǋȍǶƲǱ
ǋȌȚǡǱǡǀȍǡȚǶ ।࣊ࣃ॥ल �ƲȍΘǽǘǋǷǋȐǡȐ ȍǋȌȚǡȍǋȐ Ƕǽȍǋ ǀƲȍΘǽǷ ƲǷǇ CP ΑǡǽǱƲȗǡǽǷ ȗǞƲǷ ǋΗȊǱƲǡǷǋǇ ǀΘ
[Bल /ȗ ƲǱȐǽ ȍǋȌȚǡȍǋȐ Ʋ ϮȍȐȗ ǽȍǇǋȍ ȊǞƲȐǋ ȗȍƲǷȐǡȗǡǽǷ ȗǽ ǞƲΑǋ ǽǁǁȚȍȍǋǇळ ΒǞǡǁǞ ǡȐ Ƿǽȗ ȊȍǽΑǡǇǋǇ ǀΘ
ȗǞǋ ȐǶǽǽȗǞ ǋǱǋǁȗȍǽΒǋƲǯ ȊǞƲȐǋ ȗȍƲǷȐǡȗǡǽǷ ।ࣁࣄ॥ल

लࣆ bǞǋȍǋ ǡȐ Ʋ ȗǋȍǶ ǡǷ ȗǞǋ W�� =ƲǘȍƲǷǘǡƲǷ ȗǞƲȗ ǡȐ ǁǽǷȗȍǽǱǱǋǇ ǀΘ Ʋ CP ॺΑǡǽǱƲȗǡǷǘ ȊǞƲȐǋ θ ȗǞƲȗ
ǡȐ ǽǀȐǋȍΑǋǇ ȗǽ ǀǋ ΑǋȍΘ ǁǱǽȐǋ ȗǽ Νǋȍǽळ ǱǋƲǇǡǷǘ ȗǽ ȗǞǋ ȊȍǋȐǋȍΑƲȗǡǽǷ ǽǗ CP ॺȐΘǶǶǋȗȍΘल bǞǋȍǋ ǡȐ

ࣂࣂ



Ƿǽ ǶǋǁǞƲǷǡȐǶ ȗǽ ȊȍǽǇȚǁǋ ȗǞǡȐ ǀǋǞƲΑǡǽȍ ǡǷ ȗǞǋ [B ƲǷǇ ȍǋȐȚǱȗȐ ǡǷ ƲǷ ƲȊȊƲȍǋǷȗ ϮǷǋॺȗȚǷǡǷǘ
ȊȍǽǀǱǋǶल � ΒǋǱǱॺǯǷǽΒǷ ȐǽǱȚȗǡǽǷ ǇȚǋ ȗǽ Uǋǁǁǋǡ ƲǷǇ WȚǡǷǷ ȊȍǽΑǡǇǋȐ Ʋ ǇΘǷƲǶǡǁƲǱ ǶǋǁǞƲǷǡȐǶ
Ǘǽȍ ȐǶƲǱǱ CP ॺΑǡǽǱƲȗǡǽǷळ ǀȚȗ ȊȍǋǇǡǁȗȐ ȗǞǋ ǋΗǡȐȗǋǷǁǋ ǽǗ ƲΗǡǽǷȐ ȗǞƲȗ ǞƲΑǋ Ƿǽȗ ǀǋǋǷ ǽǀȐǋȍΑǋǇ ǡǷ
ǷƲȗȚȍǋ ।ࣂࣄ॥ल

लࣇ bǞǋ [BǶǋȍǋǱΘ ȊǽȐǡȗȐ ȗǞǋ ǗǽȍǶ ǽǗ ȗǞǋ ,ǡǘǘȐ ȊǽȗǋǷȗǡƲǱ Ʋȗ ǱǽΒॺǋǷǋȍǘǡǋȐ ȗǞȍǽȚǘǞ ȗǞǋ ȐǡǘǷ ǽǗ µ2ळ
ǀȚȗ ǇǽǋȐ Ƿǽȗ ȊȍǽΑǡǇǋ Ʋ ǇΘǷƲǶǡǁƲǱ ǶǋǁǞƲǷǡȐǶ ȗǞƲȗ ǁƲȚȐǋȐ ȗǞǋ �s ȊǞƲȐǋ ȗȍƲǷȐǡȗǡǽǷल

लࣈ bǞǋ ,ǡǘǘȐ ǀǽȐǽǷ ǶƲȐȐ ǡȐ Ƿǽȗ ȊȍǽȗǋǁȗǋǇ ǀΘ ǁȚȐȗǽǇǡƲǱ ȐΘǶǶǋȗȍǡǋȐ ǡǷ ȗǞǋ [Bळ Ȑǽ ǡȗȐ ǶƲȐȐ ȍǋॺ
ǁǋǡΑǋȐ ȌȚƲǷȗȚǶ ǁǽȍȍǋǁȗǡǽǷȐ ȊȍǽȊǽȍȗǡǽǷƲǱ ȗǽ ȐȌȚƲȍǋ ǽǗ ȗǞǋ ȗǞǋ eqॺǁȚȗǽϥ ȐǁƲǱǋΛeq Ʋȗ ΒǞǡǁǞ
ǷǋΒ ȊǞΘȐǡǁȐ ǡȐ ǋΗȊǋǁȗǋǇ ȗǽ ǀǋ ȍǋǱǋΑƲǷȗल /Ǘ ȗǞǋȍǋ ǡȐ Ƿǽ ǷǋΒ ȊǞΘȐǡǁȐ ȚȊ ȗǽ ȗǞǋ UǱƲǷǯ ȐǁƲǱǋ ǽǗ 1019

%ǋqळ ȗǞǋ ,ǡǘǘȐ ǀƲȍǋ ǶƲȐȐ ǶȚȐȗ ǀǋ ǡǷǁȍǋǇǡǀǱΘ ϮǷǋॺȗȚǷǋǇ ȗǽ ȊȍǽǇȚǁǋ Ʋ ,ǡǘǘȐ ȊǽǱǋ ǶƲȐȐ ǽǗ 125
%ǋqल bǞǡȐ ȍǋȐȚǱȗळ ǇȚǋ ȗǽ ȗǞǋ ȚǷǷƲȗȚȍƲǱǱΘ ǇǡϥǋȍǋǷȗ ȐȗȍǋǷǘȗǞȐ ǽǗ ȗǞǋ ΒǋƲǯ Ǘǽȍǁǋ ƲǷǇ ǘȍƲΑǡȗΘळ ǡȐ
ǯǷǽΒǷ ƲȐ ȗǞǋ ǞǡǋȍƲȍǁǞΘ ȊȍǽǀǱǋǶळ ȗǞǋ ǷƲȗȚȍƲǱǷǋȐȐ ȊȍǽǀǱǋǶळ ǽȍ ȗǞǋ ǘƲȚǘǋ ǇǋȐǋȍȗ ȊȍǽǀǱǋǶल

लࣉ bǞǋ ,ǡǘǘȐ ǶǋǁǞƲǷǡȐǶ ƲǱǱǽΒȐ ǶƲȐȐ ȗǋȍǶȐ Ǘǽȍ ȗǞǋ ǗǋȍǶǡǽǷȐ ȗǽ ǀǋ ΒȍǡȗȗǋǷ ǇǽΒǷळ ǀȚȗ ǇǽǋȐ Ƿǽȗ
ȊȍǋǇǡǁȗ ȗǞǋ ǞǡǋȍƲȍǁǞΘ ǽǗ ǗǋȍǶǡǽǷ ǶƲȐȐǋȐ ΒǞǡǁǞ ȐȊƲǷ ࣆ ǽȍǇǋȍȐ ǽǗ ǶƲǘǷǡȗȚǇǋल [ǡǶǡǱƲȍǱΘळ ȗǞǋ
ȐȗȍȚǁȗȚȍǋ ǽǗ ȗǞǋ �Ʋǀǡǀǀǽॺ<ǽǀƲΘƲȐǞǡॺBƲȐǯƲΒƲ ॠ�<Bॡ ǶƲȗȍǡΗ ȗǞƲȗ ȍǋǱƲȗǋȐ ȗǞǋ ȌȚƲȍǯ ǶƲȐȐ
ǀƲȐǡȐ ȗǽ ǡȗȐ ϱƲΑǽȍ ǀƲȐǡȐ ǡȐ Ƿǽȗ ȊȍǋǇǡǁȗǋǇल bǞǡȐ ǡȐ ǯǷǽΒǷ ƲȐ ȗǞǋ ϱƲΑǽȍ ȊȚΝΝǱǋल

࣊ल bǞǋ [B ȗȍǋƲȗȐ ǷǋȚȗȍǡǷǽȐ ƲȐ ǶƲȐȐǱǋȐȐळ ΒǞǡǁǞ ǞƲȐ ǀǋǋǷ ȐǞǽΒǷ Ƿǽȗ ȗǽ ǀǋ ȗǞǋ ǁƲȐǋ ǀΘ ǷǋȚȗȍǡǷǽ
ǽȐǁǡǱǱƲȗǡǽǷ ǋΗȊǋȍǡǶǋǷȗȐ Ǳǡǯǋ [ȚȊǋȍॺ<ƲǶǡǽǯƲǷǇǋ ƲǷǇ ȗǞǋ [ƲǇǀȚȍΘ CǋȚȗȍǡǷǽ HǀȐǋȍΑƲȗǽȍΘ
।ࣃࣄळ ॥लࣄࣄ BǽȍǋǽΑǋȍळ ȐǡǷǁǋ ǷǋȚȗȍǡǷǽȐ Ʋȍǋ ȗǞǋ ǽǷǱΘ ǷǋȚȗȍƲǱ ǗǋȍǶǡǽǷȐळ ǡȗ ǡȐ ȊǽȐȐǡǀǱǋ ȗǞƲȗ ǷǋȚȗȍǡǷǽȐ
ǽǀȗƲǡǷ ȗǞǋǡȍ ǶƲȐȐ Ƿǽȗ ǗȍǽǶ�ǡȍƲǁ ǶƲȐȐ ȗǋȍǶȐळ ƲȐ Ǘǽȍ ȗǞǋ ǽȗǞǋȍ ǗǋȍǶǡǽǷȐळ ǀȚȗ ǗȍǽǶBƲǬǽȍƲǷƲ
ǶƲȐȐ ȗǋȍǶȐल /Ƿ ȗǞǡȐ ȐǁǋǷƲȍǡǽळ ȗǞǋ ǷǋȚȗȍǡǷǽ ΒǽȚǱǇ ǀǋ ǡȗȐ ǽΒǷ ƲǷȗǡॺȊƲȍȗǡǁǱǋल

bǞǋǽȍǋȗǡǁƲǱ ȊǞΘȐǡǁǡȐȗȐ ǞƲΑǋ ǇǋΑǡȐǋǇ ǶƲǷΘ ǋΗȗǋǷȐǡǽǷȐ ǽǗ ȗǞǋ [ȗƲǷǇƲȍǇBǽǇǋǱ ƲǡǶǡǷǘ ȗǽ ƲǇǇȍǋȐȐ

ǡȗȐ ǶƲǷΘ ȐǞǽȍȗǁǽǶǡǷǘȐल eǷǗǽȍȗȚǷƲȗǋǱΘळ ǋΗȊǋȍǡǶǋǷȗȐ ǞƲΑǋ ǁǽǷȐǡȐȗǋǷȗǱΘ ǗƲǡǱǋǇ ȗǽ ϮǷǇ ƲǷΘ ǋΑǡǇǋǷǁǋ ǽǗ

ȐȚǁǞ ǶǽǇǋǱȐल bǞǋ ǷǋΗȗ ǁǞƲȊȗǋȍ ΒǡǱǱ ǇǡȐǁȚȐȐ ȗǞǋ ǋΗȊǋȍǡǶǋǷȗƲǱ ȐȗƲȗȚȐ ǽǗ ,ǡǘǘȐ ȊǞΘȐǡǁȐ ƲǷǇ ȊǽȐȐǡǀǱǋ

ǋΗȗǋǷȐǡǽǷȐ ǽǗ ȗǞǋ ,ǡǘǘȐ Ȑǋǁȗǽȍल

ࣃࣂ



2
�ΗȊǋȍǡǶǋǷȗƲǱ bǋȐȗȐ ǽǗ ȗǞǋ [ȗƲǷǇƲȍǇBǽǇǋǱ

bǞǋ [ȗƲǷǇƲȍǇBǽǇǋǱ ,ǡǘǘȐ ǀǽȐǽǷ h ǡȐ Ʋ ȗȍȚǱΘ ȚǷǡȌȚǋ ȊƲȍȗǡǁǱǋल sǞǡǱǋ ȗǞǋȍǋ Ʋȍǋ ȐǋΑǋȍƲǱ ǋΗƲǶȊǱǋȐ ǽǗ

ȐǁƲǱƲȍ ǀǽȐǽǷȐ ǽǀȐǋȍΑǋǇ ǡǷ ǷƲȗȚȍǋळ ǶǽȐȗ Ʋȍǋ ǁǽǶȊǽȐǡȗǋ ȐȗƲȗǋȐ ॠǗǽȍ ǋΗƲǶȊǱǋ ȗǞǋ π0 ǶǋȐǽǷॡल bǞǋ ,ǡǘǘȐ

ǀǽȐǽǷळ ǽǷ ȗǞǋ ǽȗǞǋȍ ǞƲǷǇळ ǡȐ ȗǞǋ ǽǷǱΘ ǋǱǋǶǋǷȗƲȍΘ ȐǁƲǱƲȍ ȊƲȍȗǡǁǱǋ ǽǗ ȗǞǋ [Bल bǞǋ ȚǱȗǡǶƲȗǋ ǇǡȐǁǽΑǋȍΘ

ǽǗ ȗǞǋ ,ǡǘǘȐ ǀǽȐǽǷ ƲǷǇ ȐȚǀȐǋȌȚǋǷȗ ǶǋƲȐȚȍǋǶǋǷȗȐ ǽǗ ǡȗȐ ȊȍǽȊǋȍȗǡǋȐ Βǋȍǋ ȊǋȍǗǽȍǶǋǇ ǀΘ ǋΗȊǋȍǡǶǋǷȗȐ

Ʋȗ ȗǞǋ =Ʋȍǘǋ ,ƲǇȍǽǷ �ǽǱǱǡǇǋȍळ ΒǞǡǁǞ ΒǡǱǱ ǀǋ ǇǡȐǁȚȐȐǋǇ ǡǷ �ǞƲȊȗǋȍ लࣄ bǞǋ ǇǡȐǁǽΑǋȍΘ ǽǗ Ʋ ȊƲȍȗǡǁǱǋ

ǁǽǷȐǡȐȗǋǷȗ ΒǡȗǞ ȗǞǋ ,ǡǘǘȐ ǁƲǶǋ ǗȍǽǶ ȗǞǋ ƲǷƲǱΘȐǡȐ ǽǗ ǇƲȗƲ ȗƲǯǋǷ ǀǋȗΒǋǋǷ ࣁࣂࣁࣃ ƲǷǇ ࣃࣂࣁࣃ Ʋȗ
√
s =

7, 8bǋq ॠXȚǷ /ॡळ ΒǞǡǱǋ ȊȍǋǁǡȐǡǽǷ ȗǋȐȗȐ ǽǗ ȗǞǋ ǷǋΒ ȍǋȐǽǷƲǷǁǋ ǁƲǶǋ ǗȍǽǶ ǇƲȗƲ ǁǽǱǱǋǁȗǋǇ ǀǋȗΒǋǋǷ ࣆࣂࣁࣃ

ࣄࣂ



ƲǷǇ ࣉࣂࣁࣃ Ʋȗ
√
s = 13bǋqल bǞǋȐǋ ȐȚǀȐǋȌȚǋǷȗ ǶǋƲȐȚȍǋǶǋǷȗȐ ǽǗ ǡȗȐ ȊȍǽȊǋȍȗǡǋȐ ǡǷǇǡǁƲȗǋ ȗǞƲȗ ȗǞǋ

ȍǋȐǽǷƲǷǁǋ ǡȐ ǡǷǇǋǋǇ Ǳǡǯǋ ȗǞǋ [B,ǡǘǘȐ ǀǽȐǽǷल

bǞǡȐ ǁǞƲȊȗǋȍ ΒǡǱǱ ȐȚǶǶƲȍǡΝǋ ȗǞǋ ȐȗƲȗȚȐ ǽǗ ǋΗȊǋȍǡǶǋǷȗƲǱ ȗǋȐȗȐ ǽǗ ȗǞǋ ,ǡǘǘȐ ǀǽȐǽǷ ȊȍǽȊǋȍȗǡǋȐ ƲǷǇ

ǞǡǘǞǱǡǘǞȗ ȗǞǋ ǡǶȊǽȍȗƲǷǁǋ ǽǗ ȗǞǋ ,ǡǘǘȐ ǁǽȚȊǱǡǷǘȐ ȗǽ ǗǋȍǶǡǽǷȐळ ΒǡȗǞ ȊƲȍȗǡǁȚǱƲȍ ǗǽǁȚȐ ǽǷ ȗǞǋ ȗǽȊ ȌȚƲȍǯल

bǞǋǽȍǡǋȐ ǀǋΘǽǷǇ ȗǞǋ [ȗƲǷǇƲȍǇBǽǇǋǱ ॠ�[Bॡ ȗǞƲȗ ǁƲǷ ǀǋ ǋΗȊǋǁȗǋǇ ȗǽ ƲǱȗǋȍ ȗǞǋ ΑƲǱȚǋ ǽǗ yt ΒǡǱǱ ǀǋ

ǇǡȐǁȚȐȐǋǇल $ǡǷƲǱǱΘळ ȗǞǋ ǶǋƲȐȚȍǋǶǋǷȗ ǽǗ tt̄H ȊȍǽǇȚǁȗǡǽǷ ǡǷ ǶȚǱȗǡॺǱǋȊȗǽǷ ϮǷƲǱ ȐȗƲȗǋȐ ƲǷǇ ǡȗȐ ǇǽǶǡǷƲǷȗ

ǡȍȍǋǇȚǁǡǀǱǋ ǀƲǁǯǘȍǽȚǷǇ ȊȍǽǇȚǁȗǡǽǷ ǽǗ tt̄W ΒǡǱǱ ǀǋ ǡǷȗȍǽǇȚǁǋǇल

ࣂঢࣃ UӟӐӜҟӟӪҲҟӣ Ӑҩ Ӫүҟ,ҲҪҪӣ �ӐӣӐӉ

bǞǋ [B,ǡǘǘȐ ǀǽȐǽǷ h ǡȐ Ʋ CP ॺǋΑǋǷ ȐȊǡǷॺ0 ǀǽȐǽǷळ ǡलǋल Ʋ ȐǁƲǱƲȍल bǞǋ ȗǋȍǶȐ ȗǞƲȗ ƲȊȊǋƲȍ ǡǷ ȗǞǋ [B

=ƲǘȍƲǷǘǡƲǷ ǡǷΑǽǱΑǡǷǘ h ƲǗȗǋȍ ǋǱǋǁȗȍǽΒǋƲǯ ȐΘǶǶǋȗȍΘ ǀȍǋƲǯǡǷǘ Ʋȍǋ ǘǡΑǋǷ ǀΘऴ

Lh = −1

2
m2

hh
2 −

m2
h

2v︸︷︷︸
λhhh

h3 +
m2

h

8v2︸︷︷︸
λhhhh

h4

+
2m2

W

v︸ ︷︷ ︸
gW

W+
µ W−

µ h+
1

2

2m2
Z

v︸ ︷︷ ︸
gZ

ZµZµh+
m2

W

v2︸︷︷︸
gWWhh

W+
µ W−

µ hh+
1

2

m2
Z

v2︸︷︷︸
gZZhh

ZµZµhh

−
mf

v︸︷︷︸
yf

ffh

ॠࣃलࣂॡ

ΒǞǋȍǋmh =
√
2λHvल sǞǡǱǋ ȗǞǋ q�q ǡȐ ǁǽǷȐȗȍƲǡǷǋǇ ǀΘ v = (

√
2GF )−

1/2 ≈ 246%ǋqळ ȗǞǋ ȊƲॺ

ȍƲǶǋȗǋȍ λH ǞƲȐ Ƿǽ Ʋ Ȋȍǡǽȍǡ ȊȍǋǇǡǁȗǡǽǷ Ǘǽȍ ǡȗȐ ΑƲǱȚǋ ƲǷǇ ǶȚȐȗ ǀǋ ǁǽǷȐȗȍƲǡǷǋǇ ǀΘ ǶǋƲȐȚȍǡǷǘ ȗǞǋ ,ǡǘǘȐ

ǀǽȐǽǷ ǶƲȐȐल bǞǋ ,ǡǘǘȐ ǁǽȚȊǱǡǷǘȐ ȗǽ ǗǋȍǶǡǽǷȐ ƲǷǇ ΒǋƲǯ Αǋǁȗǽȍ ǀǽȐǽǷȐ Ʋȍǋ ȊȍǽȊǽȍȗǡǽǷƲǱ ȗǽ ȗǞǋǡȍ

ǶƲȐȐ ƲǷǇ ǶƲȐȐॺȐȌȚƲȍǋǇळ ȍǋȐȊǋǁȗǡΑǋǱΘल bǞǋ ,ǡǘǘȐ ȗȍǡǱǡǷǋƲȍ ǁǽȚȊǱǡǷǘ λhhh ǡȐ ƲǱȐǽ ϮΗǋǇ ǀΘ ȗǞǋ ȐȗȍȚǁȗȚȍǋ

ǽǗ V (H)ळ ȊȍǽΑǡǇǡǷǘ ƲǷǽȗǞǋȍ ǞƲǷǇǱǋ ȗǽ ΑƲǱǡǇƲȗǋ ȗǞǋ ǡǷȗǋȍǷƲǱ ǁǽǷȐǡȐȗǋǷǁΘ ǽǗ ȗǞǋ �s[�ǶǋǁǞƲǷǡȐǶ ǽǗ

ࣅࣂ



ȗǞǋ [Bल

bǞǋ ǶƲȐȐ ǽǗ ȗǞǋ ,ǡǘǘȐ ǀǽȐǽǷ ǡȐ ǀǋȐȗ ǶǋƲȐȚȍǋǇ ǡǷH → γγ ƲǷǇH → ZZ∗ → 4!ळ ΒǞǋȍǋ

ȗǞǋ ,ǡǘǘȐ ǇǋǁƲΘ ȊȍǽǇȚǁȗȐ Ʋȍǋ ǋǷȗǡȍǋǱΘ ΑǡȐǡǀǱǋ ƲǷǇ ΒǋǱǱॺȍǋǁǽǷȐȗȍȚǁȗǋǇ ।ࣅࣄ॥ल bǞǋ ΒǽȍǱǇ ƲΑǋȍƲǘǋ ȍǋॺ

ȊǽȍȗǋǇ ǀΘ ȗǞǋ UƲȍȗǡǁǱǋ �ƲȗƲ %ȍǽȚȊ ॠU�%ॡ ǡȐmh = 125.10 ± 0.14%ǋqल bǞǋ ȐȊǡǷ ƲǷǇ ȊƲȍǡȗΘ ǽǗ

ȗǞǋ ,ǡǘǘȐ ǀǽȐǽǷ Βǋȍǋ ǇǋȗǋȍǶǡǷǋǇ ǀΘ ƲǷƲǱΘΝǡǷǘ ƲǷǘȚǱƲȍ ǇǡȐȗȍǡǀȚȗǡǽǷȐ ǽǗ ȗǞǋ ,ǡǘǘȐ ǇǋǁƲΘ ȊȍǽǇȚǁȗȐ

ǡǷH → WW ∗ → eνµν ƲǷǇ ȗǞǋ ƲǗǽȍǋǶǋǷȗǡǽǷǋǇ ǇǋǁƲΘ ȊȍǽǁǋȐȐǋȐ ।ࣆࣄळ ॥लࣇࣄ bǞǋ ΑƲȍǡǽȚȐ ,ǡǘǘȐ

ǁǽȚȊǱǡǷǘȐ ƲǷǇ ,ǡǘǘȐ ǶƲȐȐ ǇǋȗǋȍǶǡǷǋ ǡȗȐ ȊƲȍȗǡƲǱ ƲǷǇ ȗǽȗƲǱ ǇǋǁƲΘ ΒǡǇȗǞȐळ ƲǷǇ ȗǞǋȍǋǗǽȍǋ ǡȗȐ ǱǡǗǋȗǡǶǋल

bǞǡȐ ǡȐ ƲǷ ǡǶȊǽȍȗƲǷȗ ǶǋƲȐȚȍǋǶǋǷȗळ ƲȐ ǡȗ ǘǡΑǋȐ Ʋ ǞƲǷǇǱǋ ǽǷ ƲǱǱ ȊǽȐȐǡǀǱǋ ǇǋǁƲΘȐ ǽǗ hळ ǡǷǁǱȚǇǡǷǘ ȗǞǽȐǋ

ȗǽ ǡǷΑǡȐǡǀǱǋ ƲǷǇ �[B ϮǷƲǱ ȐȗƲȗǋȐल bǞǋ ȗǽȗƲǱ ΒǡǇȗǞ ǽǗ h ǡȐ ǋΗȊǋǁȗǋǇ ȗǽ ǀǋ ƲǀǽȚȗ Γh ∼ 4Bǋq ƲǷǇ

ǱǡǗǋȗǡǶǋ t = h̄
Γh

= 1.6 × 10−22 Ȑल bǞǋ ǀǋȐȗ ǋΗȊǋȍǡǶǋǷȗƲǱ ǁǽǷȐȗȍƲǡǷȗȐ ǽǷ ȗǞǋ ,ǡǘǘȐ ǷƲȗȚȍƲǱ ΒǡǇȗǞ

Ʋȍǋ ੆ࣆ࣊ ǁǽǷϮǇǋǷǁǋॺǱǋΑǋǱ ȚȊȊǋȍ ǱǡǶǡȗȐ ǽǗ Γh < 14.4(22)Bǋq ǗȍǽǶ �b=�[ ॠ�B[ॡ ǶǋƲȐȚȍǋǶǋǷȗȐ

ǽǗ ǽϥॺȐǞǋǱǱ gg → h∗ → ZZ ȊȍǽǇȚǁȗǡǽǷ ǡǷ 4! ƲǷǇ 2!2ν ϮǷƲǱ ȐȗƲȗǋȐ ƲǷǇ ੆ࣆ࣊ �= ǱǽΒǋȍ ǱǡǶǡȗ

ǽǗ Γh > 3.5 × 10−9Bǋq ǗȍǽǶ ȗǞǋ ǶǋƲȐȚȍǋǶǋǷȗ ǽǗ ϱǡǘǞȗ ǇǡȐȗƲǷǁǋ ǡǷ 4! ϮǷƲǱ ȐȗƲȗǋȐ ǀΘ �B[

।ࣈࣄळ ळࣉࣄ ॥ल࣊ࣄ

bǞǋ ȊȍǽǇȚǁȗǡǽǷ ǶǽǇǋȐ ǽǗ ȗǞǋ ,ǡǘǘȐ Ʋȗ ȗǞǋ =,� Ʋȍǋ ȐǞǽΒǷ ǡǷ $ǡǘȚȍǋ लࣂलࣃ bǞǋǡȍ ǁȍǽȐȐ ȐǋǁȗǡǽǷȐ

ƲǷǇ ǀȍƲǷǁǞǡǷǘ ǗȍƲǁȗǡǽǷȐ ǽǗ ,ǡǘǘȐ ǇǋǁƲΘȐ ƲȐ Ʋ ǗȚǷǁȗǡǽǷ ǽǗmh Ʋȍǋ ȐǞǽΒǷ ǡǷ $ǡǘȚȍǋ लࣃलࣃ bǞǋ ,ǡǘǘȐ

ǁƲǷ ǇǋǁƲΘ ȗǞȍǽȚǘǞ ǽǷ ȐǞǋǱǱ ȊƲǡȍȐ ǽǗ ȊƲȍȗǡǁǱǋȐ ΒǡȗǞ ǶƲȐȐ ǱǋȐȐ ȗǞƲǷmh/2ल ,ǽΒǋΑǋȍळ ǽϥॺȐǞǋǱǱ ǇǋǁƲΘȐ

ȗǞȍǽȚǘǞ V V ∗ Ʋȍǋ ǇǽǶǡǷƲǷȗ ǶǽǇǋȐ ǇȚǋ ȗǞǋ ȗǞǋ ǱƲȍǘǋ ǁǽȚȊǱǡǷǘȐ gV ल bǞǋ ǇǋǁƲΘ ǽǗH → t∗t̄∗ ǡȐ ǋΗॺ

ȗȍǋǶǋǱΘ ȐȚȊȊȍǋȐȐǋǇ ǇȚǋ ȗǽ ȗǞǋ ǱƲȍǘǋ ȗǽȊ ȌȚƲȍǯ ǶƲȐȐmt ≈ 173%ǋqळ ȍǋȌȚǡȍǡǷǘ ǀǽȗǞ ȗǽȊ ȌȚƲȍǯȐ

ȗǽ ǀǋ ǞǡǘǞǱΘ ΑǡȍȗȚƲǱल �ǋǁƲΘȐ ȗǽ ȊƲǡȍȐ ǽǗ ȊǞǽȗǽǷȐ ƲǷǇ ǘǱȚǽǷȐ Ʋȍǋ ǶǋǇǡƲȗǋǇ ǀΘ ǱǽǽȊ ǇǡƲǘȍƲǶȐळ ƲȐ ǶƲȐȐॺ

ǱǋȐȐ ȊƲȍȗǡǁǱǋȐ Ǉǽ Ƿǽȗ ǁǽȚȊǱǋ ȗǽ ȗǞǋ ,ǡǘǘȐ ϮǋǱǇल �ǋǁƲΘȐ ȗǽ bb̄ ǞƲΑǋ ȗǞǋ ǞǡǘǞǋȐȗ ǀȍƲǷǁǞǡǷǘ ǇȚǋ ȗǽ ȗǞǋ

ǁǽǶǀǡǷƲȗǡǽǷ ǽǗ ǱƲȍǘǋ yb ǁǽȚȊǱǡǷǘ ƲǷǇ ǱƲȍǘǋ ȊǞƲȐǋ ȐȊƲǁǋ ȍǋǱƲȗǡΑǋ ȗǽ ȗǞǋH → V V ∗ ȊǞƲȐǋ ȐȊƲǁǋल

ࣆࣂ



�ǽǷȐȗȍƲǡǷȗȐ ǽǷ ȗǞǋ ǁǽȚȊǱǡǷǘȐ yf Ǘǽȍ ǗǋȍǶǡǽǷȐ ǽȗǞǋȍ ȗǞƲǷ ȗǞǋ ȗǽȊ ȌȚƲȍǯ Ʋȍǋ ǽǀȗƲǡǷǋǇ ǗȍǽǶH →

ff̄ ȍƲȗǋ ǶǋƲȐȚȍǋǶǋǷȗȐल [ǡǶǡǱƲȍǱΘळ gV ǡȐ ǀǋȐȗ ǶǋƲȐȚȍǋǇ ȗǞȍǽȚǘǞ ȍƲȗǋ ǶǋƲȐȚȍǋǶǋǷȗȐ ǽǗH → V V ∗ल

BǋƲȐȚȍǋǶǋǷȗȐ ǽǗ ȗǞǋ ȐǡǶȚǱȗƲǷǋǽȚȐ ȊȍǽǇȚǁȗǡǽǷ ǽǗ tt̄H Ʋȍǋ ȚȐǋǇ ȗǽ ǇǋȗǋȍǶǡǷǋ ȗǞǋ ΑƲǱȚǋ ǽǗ ytळ ƲǷǇ

ΒǡǱǱ ǀǋ ǇǡȐǁȚȐȐǋǇ ǗȚȍȗǞǋȍ ǡǷ [ǋǁȗǡǽǷ लࣄलࣃ $ǡǷƲǱǱΘळ ȗǞǋ ȗȍǡǱǡǷǋƲȍ ǁǽȚȊǱǡǷǘ λhhh ǁƲǷ ǀǋ ǁǽǷȐȗȍƲǡǷǋǇ

ȗǞȍǽȚǘǞ ǶǋƲȐȚȍǋǶǋǷȗȐ ǽǗ Ǉǡॺ,ǡǘǘȐ ȊȍǽǇȚǁȗǡǽǷळ ΒǞǡǱǋ ȗǞǋ ȌȚƲȍȗǡǁ ǁǽȚȊǱǡǷǘ λhhhh ǁƲǷ ǀǋ ǁǽǷॺ

ȐȗȍƲǡǷǋǇ ȗǞȍǽȚǘǞ ȗȍǡॺ,ǡǘǘȐ ȊȍǽǇȚǁȗǡǽǷल BǋƲȐȚȍǡǷǘ ȗǞǋ ǗǽȍǶǋȍ ǡȐ ƲǷ ƲǁǞǡǋΑƲǀǱǋ ǘǽƲǱ ǽǗ ȗǞǋ ,ǡǘǞ

=ȚǶǡǷǽȐǡȗΘ =,� ȗǞȍǽȚǘǞ ȗǞǋ Ȑळࣁࣄࣁࣃ ǀȚȗ ȗǞǋ ǱƲȗȗǋȍ ǡȐ Ƿǽȗ ΒǡȗǞǡǷ ȗǞǋ ȍǋƲǁǞ ǽǗ ȗǞǋ =,� ǇȚǋ ȗǽ ǡȗȐ

ΑǋȍΘ ȐǶƲǱǱ ȍƲȗǋल7 11. Status of Higgs Boson Physics

W

q

q′′ q′′′

q′

(b)

H

(c)

q′

q

W,Z

H

W,Z

(f)

b t

q′q

HW

g

g

(d) (e)

g

g

H

q′

H

t

(g)

b

q

g

g

(a)

t
H

Z

H t

t

W,Z

W,Z

t

Figure 11.1: Main leading order Feynman diagrams contributing to the Higgs boson production
in (a) gluon fusion, (b) Vector-boson fusion, (c) Higgs-strahlung (or associated production with a
gauge boson at tree level from a quark-quark interaction), (d) associated production with a gauge
boson (at loop level from a gluon-gluon interaction), (e) associated production with a pair of top
quarks (there is a similar diagram for the associated production with a pair of bottom quarks),
(e-f) production in association with a single top quark

The state-of-the-art of the theoretical calculations in the main di�erent production channels is
summarized in Table 11.1.

Table 11.1: State-of-the-art of the theoretical calculations in the main Higgs boson production
channels in the SM, and the major MC tools used in the simulations

ggF VBF V H tt̄H

Fixed order: Fixed order: Fixed order: Fixed order:
N3LO QCD + NLO EW NNLO QCD NLO QCD+EW NLO QCD+EW

(HIGLU, iHixs, FeHiPro, HNNLO) (VBF@NNLO) (V2HV and HAWK) (Powheg)
Resummed: Fixed order: Fixed order: (MG5_aMC@NLO)

NNLO + NNLL QCD NLO QCD + NLO EW NNLO QCD
(HRes) (HAWK) (VH@NNLO)

Higgs pT :
NNLO+NNLL
(HqT, HRes)

Jet Veto:
N3LO+NNLL

The cross sections for the production of a SM Higgs boson as a function of
Ô

s, the center of mass
energy, for pp collisions, including bands indicating the theoretical uncertainties, are summarised

6th December, 2019 11:48am
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in Fig. 11.2 (left) [45]. A detailed discussion, including uncertainties in the theoretical calculations
due to missing higher-order e�ects and experimental uncertainties on the determination of SM
parameters involved in the calculations, can be found in Refs. [41–44]. These references also con-
tain state-of-the-art discussions on the impact of PDF uncertainties, QCD scale uncertainties and
uncertainties due to di�erent procedures for including higher-order corrections matched to parton
shower simulations, as well as uncertainties due to hadronisation and parton-shower events.
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Figure 11.2: (Left) The SM Higgs boson production cross sections as a function of the center of
mass energy,

Ô
s, for pp collisions [45]. The VBF process is indicated here as qqH. The theoretical

uncertainties are indicated as bands. (Right) The branching ratios for the main decays of the SM
Higgs boson near mH = 125 GeV [43,44]. The theoretical uncertainties are indicated as bands.

Table 11.2: The SM Higgs boson production cross sections for mH = 125 GeV in pp collisions
(pp̄ collisions at

Ô
s = 1.96 TeV for the Tevatron), as a function of the center of mass energy,

Ô
s. The predictions for the LHC energies are taken from Refs. [41–44], the ones for the Tevatron

energy are from Ref. [46]. The predictions for the ggF channel at the LHC include the latest
N3LO results leading to reduced theoretical uncertainties by a factor around 2 compared to the
NNLO+NLL results. The total uncertainties are estimated assuming no correlations between –S

and PDF uncertainties.
Ô

s (TeV) Production cross section (in pb) for mH = 125 GeV
ggF VBF WH ZH tt̄H total

1.96 0.95+17%
≠17% 0.065+8%

≠7% 0.13+8%
≠8% 0.079+8%

≠8% 0.004+10%
≠10% 1.23

7 16.9+4.4%
≠7.0% 1.24+2.1%

≠2.1% 0.58+2.2%
≠2.3% 0.34+3.1%

≠3.0% 0.09+5.6%
≠10.2% 19.1

8 21.4+4.4%
≠6.9% 1.60+2.3%

≠2.1% 0.70+2.1%
≠2.2% 0.42+3.4%

≠2.9% 0.13+5.9%
≠10.1% 24.2

13 48.6+4.6%
≠6.7% 3.78+2.2%

≠2.2% 1.37+2.6%
≠2.6% 0.88+4.1%

≠3.5% 0.50+6.8%
≠9.9% 55.1

14 54.7+4.6%
≠6.7% 4.28+2.2%

≠2.2% 1.51+1.9%
≠2.0% 0.99+4.1%

≠3.7% 0.60+6.9%
≠9.8% 62.1
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for fermions with a mass <� . For the 1 quark and the top quark, the "( running mass evaluated at a scale
of 125.09 GeV is used.
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Figure 13: Reduced coupling-strength modifiers ^�
<�
E for fermions (� = C, 1, g, `) and

p
^+
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E for weak gauge

bosons (+ = , , /) as a function of their masses <� and <+ , respectively, and the vacuum expectation value of
the Higgs field E = 246 GeV. The SM prediction for both cases is also shown (dashed line). The black error bars
represent 68% CL intervals for the measured parameters. The coupling modifiers are measured assuming no BSM
contributions to the Higgs boson decays, and the SM structure of loop processes such as ggF, � ! WW and � ! /W.
The lower panel shows the ratios of the values to their SM predictions. The level of compatibility between the
combined measurement and the SM prediction, estimated using the procedure outlined in the text with six degrees of
freedom, corresponds to a ?-value of ?SM = 19%.
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ǡǷǘ ǷǽǷॺ[B ǋϥǋǁȗȐ ȗǞƲǷ ȗǞǋ κॺǗȍƲǶǋΒǽȍǯ ǡȐ ȗǞȍǽȚǘǞ ȗǞǋ [B ǋϥǋǁȗǡΑǋ ϮǋǱǇ ȗǞǋǽȍΘ ॠ[B�$bॡ ǗǽȍǶƲǱॺ

ǡȐǶळ ΒǞǋȍǋ ƲǱǱ ȊǽȐȐǡǀǱǋ ǘƲȚǘǋॺǡǷΑƲȍǡƲǷȗ ǇǡǶǋǷȐǡǽǷ ࣇ ǽȊǋȍƲȗǽȍȐ ǁǽǷȐȗȍȚǁȗǋǇ ǗȍǽǶ [B ϮǋǱǇȐ Ʋȍǋ ƲǇǇǋǇ

࣊ࣂ



ȗǽL[Bऴ

L[B�$b = L[B +
∑ ci

Λ2
Od=6

i + · · · ॠࣃलࣄॡ

bǞǋȐǋ ǋϥǋǁȗǡΑǋ ǽȊǋȍƲȗǽȍȐ Ʋȍǋ ǡǷ ǘǋǷǋȍƲǱ ǷǽǷॺȍǋǷǽȍǶƲǱǡΝƲǀǱǋल bǞǋ ǽǷǱΘ ǇǡǶǋǷȐǡǽǷ ࣆ ǽȊǋȍƲȗǽȍȐ Ʋȍǋ

BƲǬǽȍƲǷƲ ǷǋȚȗȍǡǷǽ ǶƲȐȐ ȗǋȍǶȐ ȗǞƲȗ ΑǡǽǱƲȗǋ ǱǋȊȗǽǷ ǷȚǶǀǋȍ ƲǷǇ Ʋȍǋ ǘǋǷǋȍƲǱǱΘ Ƿǽȗ ǁǽǷȐǡǇǋȍǋǇ ȐǡǷǁǋ

ȗǞǋ ǷǋȚȗȍǡǷǽ ǶƲȐȐǋȐ Ʋȍǋ ȗǽǽ ȐǶƲǱǱ ȗǽ ǞƲΑǋ ǽǀȐǋȍΑƲǀǱǋ ǋϥǋǁȗȐ Ʋȗ ȗǞǋ =,�ल bǞǋ [B�$b ǗǽȍǶƲǱǡȐǶ ǡȐ

ǘȍǽΒǡǷǘ ǡǷ ȊǽȊȚǱƲȍǡȗΘ ǇȚǋ ȗǽ ǡȗȐ ǶǡǷǡǶƲǱ ƲȐȐȚǶȊȗǡǽǷळ ΒǞǡǁǞ ǡȐ ȐǡǶȊǱΘ ȗǞƲȗ ȗǞǋ ǋǷǋȍǘΘ ȐǁƲǱǋ ǽǗ ǷǋΒ

ȊǞΘȐǡǁȐΛ ǡȐ ȐȚϨǁǡǋǷȗǱΘ ǞǡǘǞǋȍ ȗǞƲǷ ȗǞǋ �s ȐǁƲǱǋ ȐȚǁǞ ȗǞƲȗ �[B ϮǋǱǇȐ ǡǷȗǋǘȍƲȗǋ ǽȚȗ ȗǽ ǋϥǋǁȗǡΑǋ

ǽȊǋȍƲȗǽȍȐळ ƲǯǡǷ ȗǽ ȗǞǋ ॺ$ǋȍǶǡࣅ ǁǽǷȗƲǁȗ ǡǷȗǋȍƲǁȗǡǽǷल �ǋΑǡƲȗǡǽǷȐ ǡǷ ǇƲȗƲ ǗȍǽǶ [B ǋΗȊǋǁȗƲȗǡǽǷ ǡǷ ǡǷॺ

ǁǱȚȐǡΑǋ ƲǷǇ ǇǡϥǋȍǋǷȗǡƲǱ ǁȍǽȐȐ ȐǋǁȗǡǽǷȐ ǶǋƲȐȚȍǋǶǋǷȗȐ ƲǁȍǽȐȐ ǶƲǷΘ ȐǡǘǷƲȗȚȍǋȐ ǁƲǷ ȗǞǋǷ ǀǋ ǡǷȗǋȍȊȍǋȗǋǇ

ǡǷ Ʋ ȐǡǷǘǱǋ ǗȍƲǶǋΒǽȍǯ ƲǷǇ ȊȍǽΑǡǇǋ ǁǽǶȊǱǋǶǋǷȗƲȍΘ ǡǷǗǽȍǶƲȗǡǽǷल bǞǡȐ ǡȐ ƲǷǽȗǞǋȍ ƲȊȊǋƲǱǡǷǘ ǗǋƲȗȚȍǋ

ǽǗ ȗǞǋ [B�$bल bǞǋ [B�$b ǗǽȍǶƲǱǡȐǶ ǡȐ Ƿǽȗ ȊƲȍȗǡǁȚǱƲȍǱΘ ȍǋǱǋΑƲǷȗ Ǘǽȍ ȗǞǋ ǡǷȗǋȍȊȍǋȗƲȗǡǽǷ ǽǗ tt̄W

ȊȍǽǇȚǁȗǡǽǷ ǶǋƲȐȚȍǋǶǋǷȗȐळ ƲȐ ΒǡǱǱ ǀǋ ȐǋǋǷ ǡǷ �ǞƲȊȗǋȍ हहळ ǀȚȗ ǡȐ ȍǋǱǋΑƲǷȗ Ǘǽȍ ,ǡǘǘȐ ȊȍǽǇȚǁȗǡǽǷल bǞǋ

ǀǋȐȗ ǱǡǶǡȗȐ ǽǷ ȗǞǋsǡǱȐǽǷ ǁǽǋϨǁǡǋǷȗȐ ci ȍǋǱƲȗǋǇ ȗǽ ,ǡǘǘȐ ǶǋƲȐȚȍǋǶǋǷȗȐ ȊǋȍǗǽȍǶǋǇ ǀΘ �b=�[ Ʋȍǋ

ȐǞǽΒǷ ǡǷ $ǡǘȚȍǋ ࣅलࣃ ΒǡȗǞΛ = ࣂ bǋqल BǋƲȐȚȍǋǶǋǷȗȐ Ʋȍǋ ǁǽǷȐǡȐȗǋǷȗ ΒǡȗǞ ci = 0 Ǘǽȍ ƲǱǱ ǁǽǷȐǡǇǋȍǋǇ

ǽȊǋȍƲȗǽȍȐल

ࣁࣃ
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Figure 18: Summary of observed measurements of the parameters 2
0

8 within the SMEFT linearised model. The
ranges shown correspond to 68% (solid) and 95% (dashed) confidence level intervals.
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ࣃঢࣃ �ӽӪҟӉқҲӉҪ Ӫүҟ,ҲҪҪӣ [ҟҕӪӐӟ

/ǷȗǋȍȊȍǋȗƲȗǡǽǷ ȊƲȍƲǇǡǘǶȐ Ǳǡǯǋ ȗǞǋ κॺǗȍƲǶǋΒǽȍǯ ƲǷǇ ȗǞǋ [B�$b Ʋȍǋ ȚȐǋǗȚǱ Ǘǽȍ ȊƲȍƲǶǋȗǋȍǡΝǡǷǘ ȊǽȐॺ

ȐǡǀǱǋ �[B ǋϥǋǁȗȐ ƲǁȍǽȐȐ ǶȚǱȗǡȊǱǋ ǶǋƲȐȚȍǋǶǋǷȗȐ ǀȚȗ Ʋȍǋ ȗǞǋǶȐǋǱΑǋȐ Ƿǽȗ ǶǽǇǋǱȐ ǽǗ ǷǋΒ ȊǞΘȐǡǁȐल

[ǞǽȚǱǇ ǘǋǷǋȍǡǁ ǗȍƲǶǋΒǽȍǯȐ ȍǋΑǋƲǱ ǇǋΑǡƲȗǡǽǷȐ ǗȍǽǶ ȗǞǋ [B ǋΗȊǋǁȗƲȗǡǽǷळ ǗǽǱǱǽΒॺȚȊ ǶǋƲȐȚȍǋǶǋǷȗȐ

ΒǽȚǱǇ ǀǋ ȊǋȍǗǽȍǶǋǇ ȗƲȍǘǋȗǡǷǘ ǋΗȗǋǷȐǡǽǷȐ ǽǗ ȗǞǋ [B ȗǞƲȗ ȊȍǋǇǡǁȗ ȗǞǽȐǋ ƲǷǽǶƲǱǽȚȐ ǶǋƲȐȚȍǋǶǋǷȗȐल

%ǡΑǋǷ ȗǞƲȗ ȗǞǋ yȚǯƲΒƲ Ȑǋǁȗǽȍ ǞƲȐ Ƿǽȗ Θǋȗ ǀǋǋǷ ȊȍǽǀǋǇ ȊȍǋǁǡȐǋǱΘळ Βǋ ǶƲΘ ǋΗȊǋǁȗ ȗǽ Ȑǋǋ ǋΑǡǇǋǷǁǋ ǽǗ

ǷǋΒ ȊǞΘȐǡǁȐ ȗǞǋȍǋ ȗǞȍǽȚǘǞ ǶǋƲȐȚȍǋǶǋǷȗȐ ǗƲΑǽȍǡǷǘ κf ,= 1ल �ΗȗǋǷȐǡǽǷȐ ǽǗ ȗǞǋ ,ǡǘǘȐ Ȑǋǁȗǽȍ ΒǽȚǱǇ

ǀǋ ȍǋȌȚǡȍǋǇ ȗǽ ƲǁǁǽǶǶǽǇƲȗǋ ȐȚǁǞ Ʋ ȐǁǋǷƲȍǡǽ ƲǷǇ ΒǽȚǱǇ ǽϥǋȍ ǷǋΒ ǱǋƲǇȐ ȗǽ ǗǽǱǱǽΒ ǡǷ ƲǇǇȍǋȐȐǡǷǘ ȗǞǋ

ǇǋϮǁǡǋǷǁǡǋȐ ǽǗ ȗǞǋ [Bल

%ǡΑǋǷ ȗǞƲȗ ȗǞǋ ,ǡǘǘȐ ǡȐ ȗǞǋ ǽǷǱΘ ȐǁƲǱƲȍ ǀǽȐǽǷ ǽǗ ȗǞǋ [Bळ ǽǷǋ ǶƲΘ ǁǽǷȐǡǇǋȍ ȗǞǋ ǗǽǱǱǽΒǡǷǘ ΒǞǋǷ

ǇǋΑǋǱǽȊǡǷǘ ǶǽǇǋǱ ǋΗȗǋǷȐǡǽǷȐ ǽǗ ȗǞǋ [B,ǡǘǘȐ Ȑǋǁȗǽȍऴ

लࣂ �ȍǋ ȗǞǋȍǋ ǡǷ ǗƲǁȗ Ƿǽ ǋǱǋǶǋǷȗƲȍΘ ȐǁƲǱƲȍȐ ǽǗ ȗǞǋ [Bळ ƲǷǇ ȗǞǋ ǀǽȐǽǷ h ǡȐ ƲǁȗȚƲǱǱΘ Ʋ ǁǽǶȊǽȐǡȗǋ
ȐȗƲȗǋ ǡलǋल Ʋ ȊȐǋȚǇǽॺCƲǶǀȚॺ%ǽǱǇȐȗǽǷǋ ǀǽȐǽǷ ǽǗ ȐȗȍǽǷǘ ǇΘǷƲǶǡǁȐ ȗǞƲȗ ǇǋǁǽǷϮǷǋ Ʋȗ ȐǽǶǋ ǞǡǘǞ
ǋǷǋȍǘΘ ȐǁƲǱǋह

लࣃ /Ǘ ȗǞǋȍǋ ǡȐ ǽǷǋ ,ǡǘǘȐ ǇǽȚǀǱǋȗ ǡǷ ȗǞǋ [Bळ ΒǞǡǁǞ ǡȐ ȗǞǋ ǶǡǷǡǶȚǶ ǷǋǁǋȐȐƲȍΘ ȗǽ ǗƲǁǡǱǡȗƲȗǋ �s[�ळ
ǡȐ ǡȗ ȊǽȐȐǡǀǱǋ ȗǞƲȗ ȗǞǋȍǋ Ʋȍǋ ƲǇǇǡȗǡǽǷƲǱ ȐǁƲǱƲȍ ϮǋǱǇȐ ǡǷ ǷƲȗȚȍǋह

bǞǋ ϮȍȐȗ ǁǱƲȐȐ ǽǗ [B ǋΗȗǋǷȐǡǽǷȐ Ʋȍǋ ǁƲǱǱǋǇ �ǽǶȊǽȐǡȗǋ ,ǡǘǘȐ ǶǽǇǋǱȐ ΒǞǡǁǞ ǁƲǷ ǗǋƲȗȚȍǋ Ʋ ΑƲȍǡǋȗΘ ǽǗ

ȐΘǶǶǋȗȍΘ ǀȍǋƲǯǡǷǘ ȐȗȍȚǁȗȚȍǋȐल �ǽǶȊǽȐǡȗǋǷǋȐȐ ǽǗȗǋǷ ȍǋȌȚǡȍǋȐ ȗǞǋ ƲǇǇǡȗǡǽǷ ǽǗ ǷǋΒ ȐȗƲȗǋȐ ȗǞƲȗ ǁƲǷ

ǶǡΗ ΒǡȗǞ ȗǞǋ ,ǡǘǘȐ ƲǷǇ ǱǋƲǇ ȗǽ ǶǽǇǡϮǁƲȗǡǽǷ ǗƲǁȗǽȍȐ ȗǽ ,ǡǘǘȐ ǁǽȚȊǱǡǷǘȐ ȗǽ ȗǞǋ �s Αǋǁȗǽȍ ǀǽȐǽǷȐ ǽǗ
(
1− 1

2
v2

f2

)
ळ ΒǞǋȍǋ f ǡȐ ȗǞǋ ȐΘǶǶǋȗȍΘ ǀȍǋƲǯǡǷǘ ǋǷǋȍǘΘ ȐǁƲǱǋ ।ࣃࣅ॥ल [ȚǁǞ ǶǋǁǞƲǷǡȐǶȐ ǁƲǷ ǘǡΑǋ Ʋ ǇΘॺ

ǷƲǶǡǁƲǱ ǋΗȊǱƲǷƲȗǡǽǷ Ǘǽȍ ȗǞǋ ȐǶƲǱǱ ȐǡΝǋ ǽǗ ȗǞǋ ,ǡǘǘȐ ǶƲȐȐळ ǀȚȗ ǶǽǇǋǱ ǀȚǡǱǇǡǷǘ ϮǷǋȐȐǋ ƲǷǇ ȗȚǷǡǷǘ Ʋȍǋ

ȍǋȌȚǡȍǋǇ ȗǽ ƲΑǽǡǇ ǋΗȊǋȍǡǶǋǷȗƲǱ ǱǡǶǡȗȐ ǽǷ ,ǡǘǘȐ ȊȍǋǁǡȐǡǽǷ ǶǋƲȐȚȍǋǶǋǷȗȐ ƲǷǇ ȗǞǋ ǷǽǷॺǽǀȐǋȍΑƲȗǡǽǷ ǽǗ

ǷǋΒ ȐȗƲȗǋȐ ।ࣄࣅळ ॥लࣅࣅ bǞǋ ȐǋǁǽǷǇ ȊǽȐȐǡǀǡǱǡȗΘ ǡȐ ǁǽǷȐǡǇǋȍǋǇ ǡǷ ȗǞǋǽȍǡǋȐ ΒǡȗǞ ƲǇǇǡȗǡǽǷƲǱ ,ǡǘǘȐ ǇǽȚǀǱǋȗȐळ

ࣃࣃ



ȗǞǋ ȐǡǶȊǱǋȐȗ ǽǗ ΒǞǡǁǞ Ʋȍǋ ȍǋǗǋȍȍǋǇ ȗǽ ƲȐ bΒǽ,ǡǘǘȐ �ǽȚǀǱǋȗ BǽǇǋǱȐ ॠࣃ,�Bॡल [ǡǷǁǋ �B,ࣃ Ʋȍǋ

ȐǡǶȊǱǋȍ ƲǷǇ ǱǋȐȐ ǘǋǷǋȍǡǁळ ȗǞǋΘ Ʋȍǋ ȚȐǋǇ ǗȍǋȌȚǋǷȗǱΘ ƲȐ ǀǋǷǁǞǶƲȍǯ ǶǽǇǋǱȐ ƲǘƲǡǷȐȗ ΒǞǡǁǞ ȗǽ ǡǷȗǋȍȊȍǋȗ

,ǡǘǘȐ ǶǋƲȐȚȍǋǶǋǷȗȐल bǞǋ ȍǋǶƲǡǷǇǋȍ ǽǗ ȗǞǡȐ ȐǋǁȗǡǽǷ ΒǡǱǱ ǁǽΑǋȍ ȗǞǋ ǶƲǡǷ ǗǋƲȗȚȍǋȐ ǽǗ ȗǞǋ �B,ࣃ ƲǷǇ

ȐȚǶǶƲȍǡΝǋ ǋΗȊǋȍǡǶǋǷȗƲǱ ǱǡǶǡȗȐल $ǽȍ Ʋ ǁǽǶȊȍǋǞǋǷȐǡΑǋ ǇǋȐǁȍǡȊȗǡǽǷ ǽǗ �B,ࣃ ȊǞǋǷǽǶǋǷǽǱǽǘΘळ Ȑǋǋ

।ࣆࣅ॥ल

/Ƿ ǘǋǷǋȍƲǱळ �B,ࣃ ǁǽǷȗƲǡǷ ȗΒǽ ǇǽȚǀǱǋȗȐΦ1 ƲǷǇΦ2 ΒǡȗǞ ΒǋƲǯ ǞΘȊǋȍǁǞƲȍǘǋ±1 ȗǞƲȗ ǁƲǷ ǀǋ ȊƲॺ

ȍƲǶǋȗǋȍǡΝǋǇ ƲȐऴ

Φi =

(
w+
i (x)

1√
2
(vi + hi(x) + izi(x))

)
ॠࣃलࣅॡ

bǞǋ ,ǡǘǘȐ ȊǽȗǋǷȗǡƲǱ ǡǷ �ȌȚƲȗǡǽǷ ࣁࣂलࣂ ǡȐ ȐȗȍƲǡǘǞȗǗǽȍΒƲȍǇǱΘ ǋΗȗǋǷǇǋǇ ȗǽ ǡǷǁǱȚǇǋ ǀǽȗǞ ǇǽȚǀǱǋȗȐळ ΒǞǋȍǋ

ǶƲȐȐ ǶǡΗǡǷǘ ȗǋȍǶȐ µ12ΦT
1 Φ2 Ʋȍǋ ƲǱǱǽΒǋǇ ǡǗ ȗǞǋ ǇǽȚǀǱǋȗȐ ǞƲΑǋ ǽȊȊǽȐǡȗǋ ǞΘȊǋȍǁǞƲȍǘǋल /Ƿ ǋǡȗǞǋȍ ǁƲȐǋळ

ǀǽȗǞ ǇǽȚǀǱǋȗȐ ǶƲΘ ƲǁȌȚǡȍǋ q�qȐ v1,2 ΒǡȗǞ |v|2 ≡ |v1|2 + |v2|2ल � ǁǽǶǶǽǷ ȊƲȍƲǶǋȗǋȍǡΝƲȗǡǽǷ

ȍǋǱƲȗǡǷǘ ȗǞǋ ȗΒǽ q�qȐ ǡȐ tanβ = v2/v1ल bǞȍǋǋ ǽǗ ȗǞǋ ǋǡǘǞȗ ƲΑƲǡǱƲǀǱǋ ǇǋǘȍǋǋȐ ǽǗ ǗȍǋǋǇǽǶ ǗȍǽǶ ȗǞǋ

ȗΒǽ ǁǽǶȊǱǋΗ ǇǽȚǀǱǋȗȐ Ʋȍǋ ǋƲȗǋǷ ǀΘ ȗǞǋ �s Αǋǁȗǽȍ ǀǽȐǽǷȐल sǞƲȗ ȍǋǶƲǡǷȐ Ʋȍǋ ȗΒǽ CP ॺǋΑǋǷ ȐǁƲǱƲȍȐ h

ƲǷǇ ȗǞǋ ǞǋƲΑǡǋȍH ळ Ʋ CP ॺǽǇǇ ȊȐǋȚǇǽȐǁƲǱƲȍAळ ƲǷǇ ȗΒǽ ǁǞƲȍǘǋǇ ,ǡǘǘȐ ǀǽȐǽǷȐH±ल �Ƿ ƲǇǇǡȗǡǽǷƲǱ

ǶǽǇǋǱ ȊƲȍƲǶǋȗǋȍ α ǡȐ ǇǋϮǷǋǇ ǀΘ ȗǞǋ ǶǡΗǡǷǘ ƲǷǘǱǋ ȗǞƲȗ ǇǡƲǘǽǷƲǱǡΝǋȐ ȗǞǋ ǶƲȐȐ ǶƲȗȍǡΗ ǽǗ ȗǞǋ CP ॺǋΑǋǷ

,ǡǘǘȐ ǀǽȐǽǷȐ ǽǀȗƲǡǷǋǇ ǗȍǽǶ ȗǞǋΦ1 ƲǷǇΦ2 ǇǽȚǀǱǋȗȐऴ

(
H

h

)
=

(
cosα sinα

− sinα cosα

)(
h1
h2

)
ॠࣃलࣆॡ

bǞǋ ƲǱǡǘǷǶǋǷȗ ǱǡǶǡȗ cos(α − β) ∼ 0 ǇǋϮǷǋȐ ȗǞǋ ȐǁǋǷƲȍǡǽ ΒǞǋȍǋ h ǁǽȚȊǱǋȐ ȗǽ Αǋǁȗǽȍ ǀǽȐǽǷȐ Ǳǡǯǋ

ȗǞǋ [B,ǡǘǘȐ ǀǽȐǽǷल [ǶƲǱǱ ΑƲȍǡƲȗǡǽǷȐ ǡǷ yf ǗȍǽǶ [B ǋΗȊǋǁȗƲȗǡǽǷ ǁǽȚǱǇ ǀǋ ƲǁǞǡǋΑǋǇ ǡǷ Ʋ ȐǁǋǷƲȍǡǽ

ǷǋƲȍ ǀȚȗ Ƿǽȗ ǋΗƲǁȗǱΘ Ʋȗ ȗǞǋ ƲǱǡǘǷǶǋǷȗ ǱǡǶǡȗल /Ƿ ǽȍǇǋȍ ȗǽ ƲΑǽǡǇ ǶǋǇǡƲȗǡǽǷ ǽǗ ϱƲΑǽȍॺǁǞƲǷǘǡǷǘ ǷǋȚȗȍƲǱ
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ǡȐ ȐȊǋǁǡϮǋǇ ǡǷ ǗǽȚȍ ȐǁǋǷƲȍǡǽȐ ॠΒǞǋȍǋΦ2 ǡȐ ȗƲǯǋǷ ȗǽ ǁǽȚȊǱǋ ȗǽ ȚȊॺȗΘȊǋ ȌȚƲȍǯȐ ǀΘ ǁǽǷΑǋǷȗǡǽǷॡऴ
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bΘȊǋ / Φ2 Φ2 Φ2

bΘȊǋ // Φ2 Φ1 Φ1

bΘȊǋ x ॠ=ǋȊȗǽǷॺȐȊǋǁǡϮǁॡ Φ2 Φ2 Φ1

bΘȊǋ y ॠ$ǱǡȊȊǋǇॡ Φ2 Φ1 Φ2

Cǽȗǋ ȗǞƲȗ bΘȊǋ // �B,ࣃ ǡȐ ǗǋƲȗȚȍǋǇ ǡǷ ȗǞǋ ǶǡǷǡǶƲǱ [ȚȊǋȍȐΘǶǶǋȗȍǡǁ ǋΗȗǋǷȐǡǽǷ ǽǗ ȗǞǋ [Bल %ǋǷǋȍǡǁ

�B,ࣃ ƲǷǇ ȗǞǽȐǋ ΒǡȗǞ ƲǇǇǡȗǡǽǷƲǱ ȐǡǷǘǱǋȗȐ ǁƲǷ ǱǋƲǇȐ ȗǽ ǋΗȊǋȍǡǶǋǷȗƲǱǱΘ ǇǡȐǁǋȍǷǡǀǱǋ ǋϥǋǁȗȐ ǽǷ ȗǞǋ ǁǽȚॺ

ȊǱǡǷǘ ȐȗȍȚǁȗȚȍǋ ǽǗ ȗǞǋ ,ǡǘǘȐ ।ࣇࣅ॥ल �ΗȗǋǷȐǡǽǷȐ ǽǗ ȗǞǋ �B,ࣃ ȗǽ ȐǽॺǁƲǱǱǋǇ উϱƲΑǽȍǗȚǱঊ ǶǽǇǋǱȐ ȊǽȐǡȗ

ȗǞǋ ǀȍǋƲǯǡǷǘ ǽǗ Ʋ ϱƲΑǽȍ ȐΘǶǶǋȗȍΘ Ʋȗ ȗǞǋ �s ȐǁƲǱǋ ȗǞƲȗ ǱǋƲǇȐ ȗǽ ȗǞǋ ǘǋǷǋȍƲȗǡǽǷ ǽǗ ǗǋȍǶǡǽǷ ǶƲȐȐ Ǟǡǋȍॺ

ƲȍǁǞǡǋȐ ƲǷǇ ȗǞǋ ȐȗȍȚǁȗȚȍǋ ǽǗ ȗǞǋ �<BǶƲȗȍǡΗ ।ࣈࣅ॥ल �ΗȊǋȍǡǶǋǷȗƲǱ ǱǡǶǡȗȐ ǽǷ ǘǋǷǋȍǡǁ �BǶǽǇǋǱȐ,ࣃ

ǘǋǷǋȍƲǱǱΘ ǗƲΑǽȍ ȗǞǋ ƲǱǡǘǷǶǋǷȗ ǱǡǶǡȗळ ΒǡȗǞ ΒǋƲǯǋǷǡǷǘ ǁǽǷȐȗȍƲǡǷȗȐ ȗǽ ȗǞǋ ƲǱǡǘǷǶǋǷȗ ǱǡǶǡȗ ǡǗ v2 - v1ल

�ΗǁǱȚȐǡǽǷ ǱǡǶǡȗȐ Ʋȗ ȗǞǋ ੆ࣆ࣊ ǁǽǷϮǇǋǷǁǋ ǱǋΑǋǱ ǽǷ ȗǞǋ �B,ࣃ ȊƲȍƲǶǋȗǋȍ ȐȊƲǁǋ ǽǀȗƲǡǷǋǇ ǀΘ �b=�[

ǡǷ Ʋ ǘǱǽǀƲǱ Ϯȗ ȗǽ ,ǡǘǘȐ ǶǋƲȐȚȍǋǶǋǷȗȐ Ʋȍǋ ȐǞǽΒǷ ǡǷ $ǡǘȚȍǋ लࣆलࣃ bǞǋ ǽǀȐǋȍΑǋǇ ǋΗǁǱȚȐǡǽǷ ǡȐ ǘǋǷǋȍƲǱǱΘ

ȐǡǶǡǱƲȍ ȗǽ ΒǞƲȗ ΒǽȚǱǇ ǀǋ ǋΗȊǋǁȗǋǇ ȚǷǇǋȍ ȗǞǋ [BॺǽǷǱΘ ǞΘȊǽȗǞǋȐǡȐल bǞǋ ǋΗǁǋȊȗǡǽǷ ǡȐ ǡǷ ȗǞǋ �B,ࣃ

bΘȊǋॺ/ ǡǷȗǋȍȊȍǋȗƲȗǡǽǷळ ΒǞǋȍǋ ȗǞǋ ǋΗǁǱȚȐǡǽǷ ǁǽǷȗǽȚȍ ǡȐ ǇȍǡΑǋǷ ȗǽΒƲȍǇ ǷǋǘƲȗǡΑǋ ΑƲǱȚǋȐ ǽǗ cos(β−α) ǀΘ

H → ττ ळH → bb̄ळ ƲǷǇ tt̄H ǶǋƲȐȚȍǋǶǋǷȗȐ ǇȍǡΑǡǷǘ ȗǞǋ ƲȐȐǽǁǡƲȗǋǇ κf ǀǋȐȗ Ϯȗ ΑƲǱȚǋȐ ǀǋǱǽΒ ȚǷǡȗΘळ ƲȐ

ȐǋǋǷ ǡǷ $ǡǘȚȍǋ लࣄलࣃ [ǡǷǁǋΦ2 ǁǽȚȊǱǋȐ ȗǽ ƲǱǱ ǗǋȍǶǡǽǷȐ ǡǷ bΘȊǋ / �Bळ,ࣃ ǡȗ ǡȐ Ƕǽȍǋ ȐǋǷȐǡȗǡΑǋ ȗǽ ǁǽǞǋȍǋǷȗ

ǋϥǋǁȗȐ ǽǷ ǗǋȍǶǡǽǷȐ ȗǞƲǷ ǽȗǞǋȍ �B,ࣃ ȐǁǋǷƲȍǡǽȐल
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Figure 20: Regions of the (cos(V � U), tan V) plane of four types of 2HDMs excluded by fits to the measured rates of
Higgs boson production and decays. Contours at 95% CL, defined in the asymptotic approximation by �2 ln⇤ = 5.99,
are drawn for both the data and the expectation for the SM Higgs sector. In all cases, the observed best-fit points are
out of the range, compatible with the degeneracy in tan V along the cos (V � U) = 0 axis. The angles U and V are
taken to satisfy 0  V  c/2 and 0  V � U  c without loss of generality. The alignment limit at cos(V � U) = 0, in
which all Higgs boson couplings take their SM values, is indicated by the dashed red line. Best-fit values are not
shown due to the limited sensitivity to the tan V parameter. The observed best-fit values for cos(V � U) are -0.006 for
the Type-I, 0.002 for the Type-II, 0.001 for the lepton-specific and 0.002 for the flipped scenario.
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ࣄঢࣃ Bҟ҇ӣӮӟҲӉҪ yt ҲӉBӮӂӪҲӂҟӜӪӐӉ $ҲӉ҇ӂ [Ӫ҇Ӫҟӣ

sǞǡǱǋ ƲǱǱ yȚǯƲΒƲ ǁǽȚȊǱǡǷǘȐ ǁƲǷ ǋƲǁǞ ǀǋ ȐǋǷȐǡȗǡΑǋ ȗǽ Ʋ ȍƲǷǘǋ ǽǗ �[B ȐǁǋǷƲȍǡǽȐळ ȗǞǋ yȚǯƲΒƲ ǁǽȚȊǱǡǷǘ

ǽǗ ȗǞǋ ȗǽȊ ȌȚƲȍǯ ǡȐ ȗǞǋ ǶǽȐȗ ǁǽǷȐǋȌȚǋǷȗǡƲǱ Ǘǽȍ ȗǞǋ eq ǀǋǞƲΑǡǽȍ ǽǗ ȗǞǋ [ȗƲǷǇƲȍǇBǽǇǋǱल bǞǡȐ ǡȐ ǇȚǋ

ȗǽ yt ǀǋǡǷǘ ȚǷǡȌȚǋǱΘ ǽǗ ǽȍǇǋȍ ȚǷǡȗΘ ƲǶǽǷǘ ȗǞǋ [B ǗǋȍǶǡǽǷȐळ ȍǋȐȚǱȗǡǷǘ ǡǷ ȗǽȊ ȌȚƲȍǯ ǱǽǽȊ ǁǽȍȍǋǁॺ

ȗǡǽǷȐ ȗǽ ȗǞǋ ,ǡǘǘȐ ǶƲȐȐ ƲǷǇ ȊǽȗǋǷȗǡƲǱ ȗǞƲȗ ǇǽǶǡǷƲȗǋ ǽΑǋȍ ǽȗǞǋȍ ǱǽǽȊ ǁǽǷȗȍǡǀȚȗǡǽǷȐल bǞǋ ,ǡǋȍƲȍǁǞΘ

ȊȍǽǀǱǋǶǶǋǷȗǡǽǷǋǇ ǋƲȍǱǡǋȍ ǡȐ ȗǞǋ ǶƲǷǡǗǋȐȗƲȗǡǽǷ ǽǗ ȗǞǋȐǋ ȗǽȊ ȌȚƲȍǯ ǱǽǽȊ ǁǽȍȍǋǁȗǡǽǷȐ ȗǽ ȗǞǋ ,ǡǘǘȐ

ǀǽȐǽǷ ǶƲȐȐल bǞǋȐǋ ǁǽȍȍǋǁȗǡǽǷȐ ƲǱȐǽ ȍǋȐȚǱȗ ǡǷ ȗǞǋ ǇǋȐȗƲǀǡǱǡΝƲȗǡǽǷ ǽǗ ȗǞǋ ,ǡǘǘȐ ȊǽȗǋǷȗǡƲǱ Ʋȗ ǞǡǘǞ ǋǷǋȍॺ

ǘǡǋȐळ ΒǞǋȍǋ ȗǞǋ eq ǋΑǽǱȚȗǡǽǷ ǁƲȚȐǋȐ Ʋ ǱǽǁƲǱ ǶǡǷǡǶȚǶ ȗǽ ǽǁǁȚȍ Ʋȗ V (v′)ΒǞǋȍǋ v′ - vल /ȗ ǡȐ ǋΑǋǷ

ȊǽȐȐǡǀǱǋ Ǘǽȍ ȗǞǡȐ ǷǋΒ ǱǽǁƲǱ ǶǡǷǡǶȚǶ ȗǽ ǀǋ Ʋ ǘǱǽǀƲǱ ǶǡǷǡǶȚǶल /Ƿ ȗǞǡȐ ǁƲȐǋळ ȗǞǋ �s ΑƲǁȚȚǶ ȐȗƲȗǋ

ǡȐ ǶǋȗƲȐȗƲǀǱǋ ƲǷǇ ǁƲǷ ȌȚƲǷȗȚǶ ȗȚǷǷǋǱ ȗǽ ȗǞǋ ȗȍȚǋ ΑƲǁȚȚǶ ȐȗƲȗǋ ƲǷǇ ǱǋƲǇ ȗǽ ȐȊǽǷȗƲǷǋǽȚȐ ǇǋǁƲΘ ǽǗ

ȗǞǋ ΑƲǁȚȚǶ ǡȗȐǋǱǗल [ȚǁǞ Ʋ ȐǁǋǷƲȍǡǽ ǁǽȚǱǇ ȍƲǇǡǁƲǱǱΘ ȍǋǇǋȐǡǘǷ ȗǞǋ ǶƲȐȐ ǞǡǋȍƲȍǁǞΘ ǽǗ ȊƲȍȗǡǁǱǋȐ ΒǡȗǞǡǷ ȗǞǋ

[B ƲǷǇ ȗǞǋ ȍǋȐȚǱȗǡǷǘ ȊǞǋǷǽǶǋǷǽǱǽǘΘळ ǋȌȚƲȗǡǷǘ ȗǽ Ʋ ǇǽǽǶȐǇƲΘ ȐǁǋǷƲȍǡǽ Ǘǽȍ ǱǡǗǋ ǡǷ ȗǞǋ ȚǷǡΑǋȍȐǋल �

Ƕǽȍǋ ȐǋΑǋȍǋ ȊǽȐȐǡǀǡǱǡȗΘ ǡȐ ȗǞǋ ǡǷȐȗƲǀǡǱǡȗΘ ǽǗ ȗǞǋ �s ΑƲǁȚȚǶ ǡǗ ,ǡǘǘȐ ȊǽȗǋǷȗǡƲǱ ǡȐ ȚǷǀǽȚǷǇǋǇ ǗȍǽǶ ǀǋॺ

ǱǽΒल bǞǋ ȐȗƲǀǡǱǡȗΘ ȊǞƲȐǋ ǇǡƲǘȍƲǶ Ǘǽȍ ȗǞǋ �s ΑƲǁȚȚǶ ǁƲǱǁȚǱƲȗǋǇ ȗǽ CC=H ǡǷ ȗǞǋ βॺǗȚǷǁȗǡǽǷ ǽǗ ȗǞǋ

ȊƲȍƲǶǋȗǋȍ λ ǡǷ V (H) ǡȐ ȐǞǽΒǷ ǡǷ $ǡǘȚȍǋ लࣇलࣃ sǋ ǋΑǡǇǋǷȗǱΘ ǋΗǡȐȗ ǡǷ Ʋ ǶǋȗƲȐȗƲǀǱǋ ȚǷǡΑǋȍȐǋ ǘǡΑǋǷ ȗǞǋ

ǶƲȐȐ ǽǗ ȗǞǋ ȗǽȊ ȌȚƲȍǯ ƲǷǇ ,ǡǘǘȐ ǀǽȐǽǷल �Ƿ ƲǷƲǱΘȗǡǁƲǱ ǁƲǱǁȚǱƲȗǡǽǷ Ǘǽȍ ȗǞǋ ǱǡǗǋȗǡǶǋ ǽǗ Ʋ ǗƲǱȐǋ ΑƲǁȚȚǶ

ΒƲȐ ϮȍȐȗ ȊǋȍǗǽȍǶǋǇ ǡǷ ࣈࣈ࣊ࣂ ।ࣉࣅळ ॥ल࣊ࣅ

/Ƿ ƲǇǇǡȗǡǽǷ ȗǽ ȗǞǋȐǋ ȊǞǋǷǽǶǋǷǽǱǽǘǡǁƲǱ ǁǽǷȐǋȌȚǋǷǁǋȐ ǽǗ ȗǞǋ ǱƲȍǘǋǷǋȐȐ ǽǗ ytळ ȗǞǋ ȗǽȊ ȌȚƲȍǯ ǡȐ ȗǞǋ

ǽǷǱΘ [B ȊƲȍȗǡǁǱǋ Ƕǽȍǋ ǶƲȐȐǡΑǋ ȗǞƲǷ ȗǞǋ ,ǡǘǘȐ ǀǽȐǽǷल bǞǡȐ ǡȐ Ƕǽȍǋ ȗǞƲǷ Ʋ ǁȚȍǡǽȐǡȗΘ ǽǗ ȗǞǋ ȗǽȊ ȌȚƲȍǯळ

ȗǞǽȚǘǞ ǡȗ ǡȐ ǽǷǋ ȗǞƲȗ ǬȚȐȗǡϮǋȐ ǡǷȗǋȍǋȐȗ ǡǷ ȗǞǋ ȍǋǱƲȗǡǽǷȐǞǡȊ ǀǋȗΒǋǋǷ ȗǞǋ ,ǡǘǘȐ ǀǽȐǽǷ ƲǷǇ ȗǞǋ ȗǽȊ ȌȚƲȍǯल

[ǡǷǁǋ ,ǡǘǘȐ ǇǋǁƲΘȐ ȗǽ tt̄ ǡȐ ǯǡǷǋǶƲȗǡǁƲǱǱΘ ǗǽȍǀǡǇǇǋǷळ ȗǞǋȍǋ Ʋȍǋ ǽǷǱΘ ȗΒǽ ΒƲΘȐ ȗǽ ǶǋƲȐȚȍǋ ytल bǞǋ ϮȍȐȗ

ࣇࣃ



6 8 10

0 50 100 150 200
0

50

100

150

200

Higgs pole mass Mh in GeV

To
p
po
le
m
as
sM

t
in
G
eV

LI=104GeV
5
6
7 8

910
12 14

16
19

Instability

N
on-perturbativity

Stability

Met
a-st

abil
ity

107 108
109

1010

1011

1012
1013

1014

1016

120 122 124 126 128 130 132
168

170

172

174

176

178

180

Higgs pole mass Mh in GeV

To
p
po
le
m
as
sM

t
in
G
eV

1017

1018

1019

1,2,3 s

Instability

Stability

Meta-stability

Figure 3: Left: SM phase diagram in terms of Higgs and top pole masses. The plane is
divided into regions of absolute stability, meta-stability, instability of the SM vacuum, and non-
perturbativity of the Higgs quartic coupling. The top Yukawa coupling becomes non-perturbative
for Mt > 230 GeV. The dotted contour-lines show the instability scale ⇤I in GeV assuming
↵3(MZ) = 0.1184. Right: Zoom in the region of the preferred experimental range of Mh and Mt

(the grey areas denote the allowed region at 1, 2, and 3�). The three boundary lines correspond
to 1-� variations of ↵3(MZ) = 0.1184±0.0007, and the grading of the colours indicates the size
of the theoretical error.

The quantity �e↵ can be extracted from the e↵ective potential at two loops [112] and is explicitly
given in appendix C.

4.3 The SM phase diagram in terms of Higgs and top masses

The two most important parameters that determine the various EW phases of the SM are the
Higgs and top-quark masses. In fig. 3 we update the phase diagram given in ref. [4] with our
improved calculation of the evolution of the Higgs quartic coupling. The regions of stability,
metastability, and instability of the EW vacuum are shown both for a broad range of Mh and
Mt, and after zooming into the region corresponding to the measured values. The uncertainty
from ↵3 and from theoretical errors are indicated by the dashed lines and the colour shading
along the borders. Also shown are contour lines of the instability scale ⇤I .

As previously noticed in ref. [4], the measured values of Mh and Mt appear to be rather
special, in the sense that they place the SM vacuum in a near-critical condition, at the border
between stability and metastability. In the neighbourhood of the measured values of Mh and
Mt, the stability condition is well approximated by

Mh > 129.6GeV + 2.0(Mt � 173.34GeV)� 0.5GeV
↵3(MZ)� 0.1184

0.0007
± 0.3GeV . (64)

The quoted uncertainty comes only from higher order perturbative corrections. Other non-
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)LJXUH ���� 3KDVH GLDJUDP GHSLFWLQJ VWDELOLW\ UHJLRQV RI WKH (:YDFXXPZLWK LQVWDELOLW\ VFDOHΛl VKRZQ DORQJ

WKH VWDELOLW\ ERXQGDU\� 8QFHUWDLQW\ EDQGV RI �� �� DQG �σ FRUUHVSRQG WR H[SHULPHQWDO XQFHUWDLQWLHV RQmh DQG

mt >�@�

ǡȐ ǡǷǇǡȍǋǁȗǱΘ ȗǞȍǽȚǘǞ ȗǞǋ ȗǽȊ ȌȚƲȍǯ ǱǽǽȊ ǡǷ ǘǱȚǽǷॺǘǱȚǽǷ ǗȚȐǡǽǷ ȊȍǽǇȚǁȗǡǽǷ ƲǷǇH → γγ ǇǋǁƲΘȐळ

ǀȚȗ ȗǞǋ ǡǷȗǋȍȊȍǋȗƲȗǡǽǷ ǽǗ yt ǡǷ ȗǞǡȐ ǶǋȗǞǽǇ ǡȐ ǁǽǷǇǡȗǡǽǷǋǇ ǽǷ ȗǞǋ ƲȐȐȚǶȊȗǡǽǷ ȗǞƲȗ ȗǞǋȍǋ Ʋȍǋ Ƿǽ �[B

ϮǋǱǇȐ ȗǞƲȗ ǋǷȗǋȍ ǡǷȗǽ ȗǞǋ ǱǽǽȊȐल bǞǋ ǽǷǱΘ ΒƲΘ ȗǽ ǶǋƲȐȚȍǋ yt Ʋȗ ȗȍǋǋ ǱǋΑǋǱ ǡȐ ȗǞȍǽȚǘǞ ȗǞǋ ǶǋƲȐȚȍǋǶǋǷȗ

ǽǗ tt̄H ƲǷǇ tH ȊȍǽǇȚǁȗǡǽǷ ǁȍǽȐȐ ȐǋǁȗǡǽǷȐल bǞǋ ǗǽȍǶǋȍ ǞƲȐ Ʋ ǁȍǽȐȐ ȐǋǁȗǡǽǷ ǽǗ σ(pp → tt̄H) ∼

530 Ǘǀ Ʋȗ ࣄࣂ bǋq ǁǽǶȊȚȗǋǇ Ʋȗ C=H ǡǷ W��ळ ΒǞǡǱǋ ǡǷǁǱȚȐǡΑǋ tH ȊȍǽǇȚǁȗǡǽǷ ȗǽ ǋȌȚƲǱ ȊȍǋǁǡȐǡǽǷ

ǞƲȐ Ʋ ǁȍǽȐȐ ȐǋǁȗǡǽǷ ǽǗ∼ 75 Ǘǀ ।ࣁࣆ॥ल $ǽȍ ǶǋƲȐȚȍǋǶǋǷȗȐ ǽǗ |yt|ळ tt̄H ȊȍǽǇȚǁȗǡǽǷ ǡȐ ȚǷȊƲȍƲǱǱǋǱǋǇ ǡǷ

ȐǋǷȐǡȗǡΑǡȗΘल

bǞǋ ȐǡǶȚǱȗƲǷǋǽȚȐ ȊȍǽǇȚǁȗǡǽǷ ǽǗ tt̄H ΒƲȐ ϮȍȐȗ ȍǋȊǽȍȗǋǇ Ʋȗ 5σ ȐǡǘǷǡϮǁƲǷǁǋ ǡǷ ࣉࣂࣁࣃ ȗǞȍǽȚǘǞ Ʋ

ǁǽǶǀǡǷǋǇ ǶǋƲȐȚȍǋǶǋǷȗ ǽǗ ,ǡǘǘȐ ǇǋǁƲΘ ǁǞƲǷǷǋǱȐ ǀΘ ȗǞǋ �b=�[ ƲǷǇ �B[ ǁǽǱǱƲǀǽȍƲȗǡǽǷȐ ।ࣂࣆळ ॥लࣃࣆ

�ǽȗǞ ǁǽǱǱƲǀǽȍƲȗǡǽǷȐ ƲǷƲǱΘΝǋǇ ǋΑǋǷȗȐ ǁǽǷȐǡȐȗǋǷȗ ΒǡȗǞ ǽǷǋ ǽǗ ȐǋΑǋȍƲǱ ,ǡǘǘȐ ǇǋǁƲΘ ǶǽǇǋȐऴ

़ H → γγल bǞǽȚǘǞ ȗǞǋ ǀȍƲǷǁǞǡǷǘ ǗȍƲǁȗǡǽǷ ǡȐ ǱǽΒळ ȊǞǽȗǽǷȐ Ʋȍǋ ΒǋǱǱ ȍǋǁǽǷȐȗȍȚǁȗǋǇ ƲǷǇ ǡǇǋǷॺ
ȗǡϮǋǇल bǞǡȐ ǁǞƲǷǷǋǱ ƲǁǞǡǋΑǋȐ ǱǽΒ ȐΘȐȗǋǶƲȗǡǁ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ȗǞȍǽȚǘǞ Ʋ ǇƲȗƲॺǇȍǡΑǋǷ ǀƲǁǯǘȍǽȚǷǇ
ǋȐȗǡǶƲȗǡǽǷल �Ƿ ƲǷƲǱΘȗǡǁƲǱ ǗȚǷǁȗǡǽǷ ǡȐ Ϯȗ ȗǽ ǇƲȗƲ ǡǷ ȗǞǋmγγ ȐǡǇǋǀƲǷǇȐ ƲǷǇ ǡǷȗǋȍȊǽǱƲȗǋǇ ǡǷȗǽ
ȗǞǋ ȐǡǘǷƲǱ ΒǡǷǇǽΒ ƲȍǽȚǷǇ 125%ǋqल bǞǋ ǀƲǁǯǘȍǽȚǷǇ ǋȐȗǡǶƲȗǡǽǷ ǡȐ ȐȚǀȗȍƲǁȗǋǇ ǗȍǽǶ ǇƲȗƲ

ࣈࣃ



ƲǷǇ ȗǞǋ ȍǋȐǡǇȚƲǱ ǡȐ ϮȗȗǋǇ ȗǽ Ʋ ȐǡǘǷƲǱ ǶǽǇǋǱल bǞǋ ǶǋƲȐȚȍǋǶǋǷȗঌȐ ȗǽȗƲǱ ȚǷǁǋȍȗƲǡǷȗΘ ǡȐ ȗǞǋȍǋǗǽȍǋ
ǇȍǡΑǋǷ ǀΘ ȐȗƲȗǡȐȗǡǁƲǱ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ȍǋȐȚǱȗǡǷǘ ǗȍǽǶ ǱǽΒ ȊȍǽǇȚǁȗǡǽǷ ȍƲȗǋȐल

़ H → ττ ळH → WW ∗ळ ƲǷǇH → ZZ∗ → 4!ल �ǽǱǱǋǁȗǡΑǋǱΘ ȍǋǗǋȍȍǋǇ ȗǽ ƲȐ ǶȚǱȗǡॺǱǋȊȗǽǷ
ϮǷƲǱ ȐȗƲȗǋȐळ ȗǞǋȐǋ ǁǞƲǷǷǋǱȐ ǀǽƲȐȗ ǞǡǘǞǋȍ ǀȍƲǷǁǞǡǷǘ ǗȍƲǁȗǡǽǷȐ ǽǗ ,ǡǘǘȐ ǇǋǁƲΘȐ ƲǷǇ ȗǞǋȍǋǗǽȍǋ
ǱǽΒǋȍ ȐȗƲȗǡȐȗǡǁƲǱ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ȗǞƲǷH → γγल ,ǽΒǋΑǋȍळ ȗǞǋȐǋ ǁǞƲǷǷǋǱȐ ȐȚϥǋȍ ȍǋǱƲȗǡΑǋǱΘ
ǱƲȍǘǋȍ ȐΘȐȗǋǶƲȗǡǁ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ǇȚǋ ȗǽ ȗǞǋ ǱǋȐȐ ǁǱǋƲǷǱΘ ȍǋǁǽǷȐȗȍȚǁȗǋǇ ǞƲǇȍǽǷǡǁ τ ǱǋȊȗǽǷȐळ ȗǞǋ
ǡǷǁǽǶȊǱǋȗǋ ΑǡȐǡǀǡǱǡȗΘ ǽǗ ȗǞǋ ,ǡǘǘȐ ϮǷƲǱ ȐȗƲȗǋ ǗȍǽǶ ȗǞǋ ȊȍǋȐǋǷǁǋ ǽǗ ǷǋȚȗȍǡǷǽȐळ ƲǷǇ ȗǞǋ ȍǋǱǡƲǷǁǋ
ǽǷ ȐǡǶȚǱƲȗǡǽǷ ȗǽ ǶǽǇǋǱ ǡȍȍǋǇȚǁǡǀǱǋ ǀƲǁǯǘȍǽȚǷǇȐ ǗȍǽǶ tt̄V ƲǷǇ ǇǡǀǽȐǽǷ ȊȍǽǇȚǁȗǡǽǷल �Ȑ Ʋ
ȍǋȐȚǱȗ ȗǞǋȐǋ ǁǞƲǷǷǋǱȐ Ʋȍǋ ǋȌȚƲǱǱΘ ǱǡǶǡȗǋǇ ǀΘ ȐȗƲȗǡȐȗǡǁƲǱ ƲǷǇ ȐΘȐȗǋǶƲȗǡǁ ȚǷǁǋȍȗƲǡǷȗǡǋȐल

़ H → bb̄ल bǞǋ bb̄ ǁǞƲǷǷǋǱ ǀǽƲȐȗȐ ȗǞǋ ǱƲȍǘǋȐȗ ǀȍƲǷǁǞǡǷǘ ǗȍƲǁȗǡǽǷ ǽǗ ,ǡǘǘȐ ǇǋǁƲΘȐ Ʋȗ ƲǀǽȚȗ
੆लࣉࣆ bǞǋ ǇǽǶǡǷƲǷȗ ǀƲǁǯǘȍǽȚǷǇ ǁǽǶǋȐ ǗȍǽǶ ȊȍǽǇȚǁȗǡǽǷ ǽǗ tt̄ ǡǷ ƲȐȐǽǁǡƲȗǡǽǷ ΒǡȗǞ ƲǇǇǡȗǡǽǷƲǱ
ǞǋƲΑΘॺϱƲΑǽȍ ȌȚƲȍǯȐ ȗǞȍǽȚǘǞ ǘǱȚǽǷ ǋǶǡȐȐǡǽǷ ƲǷǇ ȐȊǱǡȗȗǡǷǘळ g → bb̄/cc̄ल [ǡǷǁǋ ȗǞǋȐǋ ȊȍǽǁǋȐȐǋȐ
Ʋȍǋ ǇȍǡΑǋǷ ǀΘ ȐǽǗȗ W��ळ ȗǞǋΘ Ʋȍǋ Ƕǽȍǋ ȐǋǷȐǡȗǡΑǋ ȗǽ ǱǽǘƲȍǡȗǞǶǡǁ ȍǋȐȚǶǶƲȗǡǽǷ ƲǷǇ ǁǽǶǋ ΒǡȗǞ
ǱƲȍǘǋ ȐΘȐȗǋǶƲȗǡǁ ȚǷǁǋȍȗƲǡǷȗǡǋȐल �Ȑ Ʋ ȍǋȐȚǱȗळ ȗǞǋH → bb̄ ǁǞƲǷǷǋǱ ǡȐ ǇǽǶǡǷƲȗǋǇ ǀΘ ȐΘȐȗǋǶƲȗǡǁ
ȚǷǁǋȍȗƲǡǷȗǡǋȐल

)LJXUH ���� 6XPPDU\ RI tt̄H PHDVXUHPHQWV SHUIRUPHG E\ $7/$6 HGLWHG IRU EUHYLW\ DQG FODULW\ >�@�

� ȐȚǶǶƲȍΘ ǽǗ ȗǞǋ ǱƲȗǋȐȗ ȊȚǀǱǡȐǞǋǇ �b=�[ǶǋƲȐȚȍǋǶǋǷȗȐ ǽǗ tt̄H ȊȍǽǇȚǁȗǡǽǷ ǡȐ ȐǞǽΒǷ ǡǷ $ǡǘॺ

Țȍǋ लࣈलࣃ Cǽȗǋ ȗǞƲȗ ǽǷǱΘ ȗǞǋ ǶȚǱȗǡॺǱǋȊȗǽǷ ǁǞƲǷǷǋǱȐ Ʋȍǋ ǱƲǁǯǡǷǘ Ʋ ǶǋƲȐȚȍǋǶǋǷȗ ȚȐǡǷǘ ȗǞǋ ǗȚǱǱ XȚǷ //

ࣉࣃ
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Figure 2: Comparison between data and signal-plus-background prediction for the event yields in (a) the 2`SS
channel and (b) the 3` channel after event selection and before further event categorisation (see Section 5), split
in four separate categories depending on the total charge and b-jet multiplicity. Additionally, the events in (a) are
required to have four or more jets. The background contributions after the likelihood fit (“Post-Fit") are shown as
filled histograms. The total signal-plus-background prediction before the fit (“Pre-Fit") is shown as a dashed blue
histogram. The tt̄H signal, scaled according to the results of the fit, is shown as a filled red histogram added to the
post-fit background. The size of the combined statistical and systematic uncertainty in the signal-plus-background
prediction is indicated by the blue hatched band. The ratios of the data to the total pre- and post-fit predictions are
shown in the lower panel.

6.2 Reducible backgrounds

6.2.1 Charge misassignment

Backgrounds with leptons with the charge incorrectly assigned a�ect primarily the 2`SS and 2`SS1⌧had
channels and predominantly arise from tt̄ production, with one electron having undergone a hard
bremsstrahlung as well as an asymmetric conversion (e± ! e

±�⇤ ! e
±

e
+

e
�) or a mismeasured track

curvature. The muon charge misassignment rate is negligible in the pT range relevant to this analysis. The
electron charge misassignment rate is measured in data using samples of Z ! e

+
e
� events reconstructed as

same-charge pairs and as opposite-charge pairs, with the background subtracted via a sideband method. The
charge misassignment rate is measured separately for the three types of tight electrons (internal conversion,
material conversion, and very tight) and parameterised as a function of electron pT and |⌘ |. For very tight
electrons, it varies from about 10�5 for low-pT electrons (15  pT  90 GeV) at |⌘ |  1.37, to about
3 ⇥ 10�4 for high-pT electrons (pT � 90 GeV) at 1.52  |⌘ |  2. The measured charge misassignment rate
is then applied to data events satisfying the requirements of the 2`SS and 2`SS1⌧had channels, except that
the two leptons are required to be of opposite charge, to estimate the QMisID background in each of the
corresponding event categories.
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)LJXUH ���� 3UHGLFWLRQ DQG REVHUYDWLRQ LQ b�MHW PXOWLSOLFLW\ ELQV IRU WKH WZR GRPLQDQW FKDQQHOV RI tt̄H PXOWL�

OHSWRQ SURGXFWLRQ

ǇƲȗƲȐǋȗ ǽǗ ࣊ࣄࣂ Ǘǀ−1ल � ȊȍǋǱǡǶǡǷƲȍΘ ǶǋƲȐȚȍǋǶǋǷȗ ǡǷ ȗǞǋ ǶȚǱȗǡॺǱǋȊȗǽǷ ϮǷƲǱ ȐȗƲȗǋ ΒƲȐ ȊǋȍǗǽȍǶǋǇ ȚȐॺ

ǡǷǘ ࣁࣉ Ǘǀ−1 ǽǗ ǇƲȗƲळ ΒǞǡǁǞ ȍǋȊǽȍȗǋǇ ƲǷ ǽǀȐǋȍΑǋǇ ॠǋΗȊǋǁȗǋǇॡ tt̄H ȐǡǘǷǡϮǁƲǷǁǋ ǽǗ 1.8σ ॠ3.2σॡ ƲǷǇ Ʋ

ǀǋȐȗॺϮȗ ȐǡǘǷƲǱ ȐȗȍǋǷǘȗǞ ǽǗ µ̂tt̄H = 0.70+0.26
−0.25ॠȐȗƲȗॡ

+0.25
−0.22ॠȐΘȐȗॡ ।ࣄࣆ॥ल bǞǋ ƲǷƲǱΘȐǡȐ ǬǽǡǷȗǱΘ ǶǋƲȐȚȍǋǇ ȗǞǋ

ȊȍǽǇȚǁȗǡǽǷ ǽǗ tt̄W ळ ȗǞǋ ǱƲȍǘǋȐȗ ǡȍȍǋǇȚǁǡǀǱǋ ǀƲǁǯǘȍǽȚǷǇ ǡǷ ȗǞǋ ǶȚǱȗǡॺǱǋȊȗǽǷ ϮǷƲǱ ȐȗƲȗǋल CǽȍǶƲǱǡΝƲॺ

ȗǡǽǷ ǗƲǁȗǽȍȐ Βǋȍǋ ƲȊȊǱǡǋǇ ȗǽ ȗǞǋ tt̄W ȊȍǋǇǡǁȗǡǽǷ ǡǷ ǇǡϥǋȍǋǷȗ ȍǋǘǡǽǷȐ ǽǗ ȊǞƲȐǋ ȐȊƲǁǋ ƲǷǇ Βǋȍǋ ȊȚǱǱǋǇ

ȚȊΒƲȍǇȐ ǀΘ ੆ळࣁࣈ੆ॺࣁࣃ ȗǞǋ ǋϥǋǁȗ ǽǗ ΒǞǡǁǞ ǡȐ ȐǞǽΒǷ ǡǷ ȊǽȐȗॺϮȗ ǇǡȐȗȍǡǀȚȗǡǽǷȐ ǽǗ bॺǬǋȗ ǶȚǱȗǡȊǱǡǁǡȗΘ ǡǷ

$ǡǘȚȍǋ लࣉलࣃ bǞǋ ǡǶȊƲǁȗ ǽǗ tt̄W ॺƲȐȐǽǁǡƲȗǋǇ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ǡȐ ǡǱǱȚȐȗȍƲȗǋǇ ǡǷ $ǡǘȚȍǋ ल࣊ळࣃ ΒǞǡǁǞ ǁǽǷȐȗǡȗȚȗǋ

ȍǽȚǘǞǱΘ ǞƲǱǗ ǽǗ ȗǞǋ ǷȚǡȐƲǷǁǋ ȊƲȍƲǶǋȗǋȍȐ ΒǡȗǞ ȗǞǋ ǱƲȍǘǋȐȗ ǡǶȊƲǁȗ ǽǷ µtt̄H ल bǞǡȐ tt̄W ॺǱǡǯǋ ǋΗǁǋȐȐ ǡȐ
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Figure 13: Ranking of the parameters included in the fit according to their impact on the signal strength µ. Only
the 15 most highly ranked parameters are shown. The empty blue rectangles correspond to the pre-fit impact on
µ and the filled blue ones to the post-fit impact on µ, both referring to the upper x-axis scale. The impact of each
nuisance parameter (NP), �µ, is computed by comparing the nominal best-fit value of µ with the result of the fit
when fixing the considered NP to its best-fit value, ✓̂, shifted by its pre-fit (post-fit) uncertainties ±�✓ (±�✓̂). The
black points show the pulls of the NPs relative to their nominal values, ✓0. The nominal value for all NPs is ✓0 = 0,
with the exception of the NP associated with the limited sample size in the estimation of the fake ⌧had background in
the 1`2⌧had channel, for which the nominal value is ✓0 = 1. These pulls and their relative post-fit errors, �✓̂/�✓,
refer to the lower x-axis scale. The tt̄W normalisation factors (red points) also refer to the lower x-axis scale, and
correspond to the floating normalisations of the tt̄W background, for which the pre-fit impact on µ is not defined. The
nominal value of the tt̄W normalisation factors is 1, which corresponds to the tt̄W prediction based on the “updated
theoretical cross section" discussed in Section 3. For experimental uncertainties that are decomposed into several
independent sources, “NP I" corresponds to the first nuisance parameter, ordered by its impact on µ.
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1 Introduction

The LHC is the world’s largest and highest-energy particle accelerator. As illustrated in Fig. 1, it is
installed in an underground tunnel of 27.6 km circumference on the Franco-Swiss border near Geneva,
Switzerland. The tunnel was initially built for and previously used by the large e

+
e
� collider LEP.

Figure 1: Schematic diagram of the LHC collider with the SPS as injector and four interaction regions
(IP).

The LHC is built with two beam-pipes which cross at four interaction regions, see Fig. 2 [1]. This
allows particles of the same charge — proton–proton or heavy ions — to be accelerated and collided.

The most important design parameters for an accelerator for particle physics are the maximum
energy and luminosity that can be reached. High energy is required to allow the production of new,
heavy particles, like the yet undiscovered Higgs particle predicted by the Standard Model of particle
physics. High rate of event production is about equally important, to allow for a high flux of particles
resulting in a su�ciently high number of collisions.

The collision rate ṅ for a process of cross section � is the product of the luminosity L and the cross
section

ṅ = L � . (1)

Cross sections are usually given in units of barn (symbol b), where 1 b = 10�24 cm2 = 10�28m2.
The luminosity of a collider is determined by the particle flux and geometry [2]. For head-on collisions

as illustrated in Fig. 3, the luminosity is

L =
N1 N2 nb frev

A
, (2)

where N1, N2 are the number of particles per bunch in beam 1 and 2, nb is the number of bunches, frev
the revolution frequency and A the e↵ective beam overlap cross section at the interaction point. For
beams with gaussian shape of horizontal and vertical r.m.s. beams sizes �x, �y colliding head on, we
have A = 4⇡ �x�y.
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H[SHULPHQWV DUH ORFDWHG DW ,3� DQG ,3�� UHVSHFWLYHO\�

�ǀǽȚȗ ࣈࣂ ǶǡǱǋȐ ॠࣉࣃ ǯǶॡ ǡǷ ǁǡȍǁȚǶǗǋȍǋǷǁǋळ ȗǞǋ =,� ǡȐ ȐǡȗȚƲȗǋǇ ࣁࣁࣂ ǶǋȗǋȍȐ ȚǷǇǋȍǘȍǽȚǷǇ ƲǷǇ

ȐȗȍƲǇǇǱǋȐ ȗǞǋ $ȍǋǷǁǞॺ[ΒǡȐȐ ǀǽȍǇǋȍ ƲȍǽȚǷǇ ��XC ǡǷ %ǋǷǋΑƲळ [ΒǡȗΝǋȍǱƲǷǇ ƲǷǇ ǡȐ ȐǞǽΒǷ ǡǷ $ǡǘȚȍǋ ࣂलࣄ

लࣃ bǞǋ ǡǶǶǋǷȐǋ ȐǡΝǋ ǽǗ ȗǞǋ =�Uू=,� ȗȚǷǷǋǱ ǡȐ ȍǋȌȚǡȍǋǇ ȗǽ ǶƲΗǡǶǡΝǋ ȗǞǋ ƲǁǞǡǋΑƲǀǱǋ ǀǋƲǶǶǽǶǋǷॺ

ȗȚǶ ƲǷǇ ȗǞǋȍǋǗǽȍǋ ǁǋǷȗǋȍ ǽǗ ǶƲȐȐ ǋǷǋȍǘΘ Ǘǽȍ ǁǽǱǱǡȐǡǽǷȐळ ƲȐ pbeammax = erB ΒǞǋȍǋ e ǡȐ ȗǞǋ ǗȚǷǇƲǶǋǷȗƲǱ

ǁǞƲȍǘǋळ r ǡȐ ȗǞǋ ǀǋǷǇǡǷǘ ȍƲǇǡȚȐळ ƲǷǇB ǡȐ ȗǞǋ ǶƲǘǷǋȗǡǁ ϮǋǱǇ ȐȗȍǋǷǘȗǞल bǽ ȍǋƲǁǞ ǀǋƲǶǶǽǶǋǷȗȚǶ

ǽǗ ࣈ bǋqळ ȗǞǋ =,� ȍǡǷǘ ǡȐ ǁǽǶȊǽȐǋǇ ǽǗ ࣃࣄࣃळࣂ ࣆࣂ Ƕǋȗǋȍ ǱǽǷǘ ȐȚȊǋȍǁǽǷǇȚǁȗǡǷǘ Cǀbǡ ǶƲǘǷǋȗȐ ȗǞƲȗ

ȊȍǽΑǡǇǋ Ʋ ǀǋǷǇǡǷǘ ϮǋǱǇ ǽǗ ࣄࣄलࣉ b ȗǽ Ȑȗǋǋȍ ȗǞǋ ǀǋƲǶȐ ǡǷ Ʋ ǁǡȍǁȚǱƲȍ Ʋȍǁल bǞǋΘ Ʋȍǋ ǞǋǱǇ ǀǋǱǽΒ ȗǞǋ ȐȚॺ

ȊǋȍǁǽǷǇȚǁȗǡǷǘ ǁȍǡȗǡǁƲǱ ȗǋǶȊǋȍƲȗȚȍǋ ǽǗ ࣁࣂ < ȚȐǡǷǘ ȐȚȊǋȍϱȚǡǇ ǞǋǱǡȚǶ Ʋȗ ल࣊ࣂ <ल � ǁȍǽȐȐ ȐǋǁȗǡǽǷ ǽǗ ȗǞǋ

ǡǘȚȍǋȐ$ࣃ ƲǷǇ ȗǋǁǞǷǡǁƲǱ ȐȊǋǁǡϮǁƲȗǡǽǷȐ Ǘǽȍ ȗǞǋ =,� ǁƲǷ ǀǋ ǗǽȚǷǇ ǡǷ ।ࣃࣇ॥ळ ΒǞǋȍǋ ȗǞǋ ǶǽȐȗ ǡǶȊǽȍȗƲǷȗ ƲȐȊǋǁȗȐ
ǽǗ ȗǞǋ ǇǋȐǡǘǷ ǞƲΑǋ ǀǋǋǷ ȍǋȐȗƲȗǋǇ Ǟǋȍǋल
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Figure 4: Schematic cross-section of the LHC dipole magnet cryostat with its two separate vacuum
chambers and magnet coils for the two counter-rotating beams and the common infrastructure for the
powering and cooling of the magnet.

The main LHC parameters are listed in Table 1 and compared to its predecessor LEP [3] in its final
running phase and the Tevatron [5]. The design LHC parameters for the magnetic field and beam
intensity are particularly ambitious. The aim is to get the maximum energy and luminosity reachable
with current technology.

Table 1: Comparison of LHC and LEP2 design beam parameters.

LHC LEP2 Tevatron
colliding beams of p, p e

+
, e

�
p, p̄

Momentum at collisions, TeV/c 7 0.1 0.98
Peak luminosity, cm�1s�2 1034 (design) 1032 4.3⇥ 1032

Dipole field at top energy, Tesla 8.33 0.11 4.4
Number of bunches, each beam 2808 4 36
Total beam current / beam, A 0.58 0.003 0.08
Particles / bunch, 1011 1.15 4.2 2.9, 0.8
Typical beam size in the ring, µm 200� 300 1800/140 (H/V) 500
Beam size at IP, µm 16 200 / 3 (H/V) 24
Fraction of energy lost in synchr.rad. per turn 10�9 3% 10�11

Total power radiated in synchr.rad., MW 0.0078 18 10�6

Total energy stored in each beam, Megajoule 362 0.03 0.9
Total energy stored in the magnet system, Gigajoule 10 0.016 0.74
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ǇǡȊǽǱǋ ǶƲǘǷǋȗ ƲǷǇ ǡȗȐ ǁȍΘǽȐȗƲȗ ǡȐ ȐǞǽΒǷ ǡǷ $ǡǘȚȍǋ लࣃलࣄ

bǞǋ ǽȗǞǋȍ ǯǋΘ ǁǞƲȍƲǁȗǋȍǡȐȗǡǁ ǽǗ Ʋ ȊƲȍȗǡǁǱǋ ǁǽǱǱǡǇǋȍ ǡȐ ǡȗȐ ƲǁǞǡǋΑƲǀǱǋ ǡǷȐȗƲǷȗƲǷǋǽȚȐ ǱȚǶǡǷǽȐǡȗΘLळ

ǶǋƲȐȚȍǋǇ ǡǷ ȐǁƲȗȗǋȍǡǷǘ ǡǷȗǋȍƲǁȗǡǽǷȐ Ȋǋȍ ȚǷǡȗ ƲȍǋƲ Ȋǋȍ ȚǷǡȗ ȗǡǶǋࣄल bǞǋ ǱȚǶǡǷǽȐǡȗΘ ǽǗ ȗΒǽ ǁǽǱǱǡǇǡǷǘ

ǀǋƲǶȐ ǡȐ ǘǡΑǋǷ ǀΘ

L =
N1N2nbf

A
ॠࣄलࣂॡ

sǞǋȍǋNi Ʋȍǋ ȗǞǋ ǷȚǶǀǋȍ ǽǗ ȊƲȍȗǡǁǱǋȐ ǡǷ ȗǞǋ ǀǋƲǶȐळ nb ǡȐ ȗǞǋ ǷȚǶǀǋȍ ǽǗ ȊƲȍȗǡǁǱǋ ǀȚǷǁǞǋȐ ǁǽǷȗƲǡǷǋǇ

ǡǷ ǋƲǁǞ ǀǋƲǶळ f ǡȐ ȗǞǋ ȍǋΑǽǱȚȗǡǽǷ ǗȍǋȌȚǋǷǁΘ ǽǗ ȗǞǋ ǀǋƲǶȐ ƲȍǽȚǷǇ ȗǞǋ ȍǡǷǘळ ƲǷǇA ǡȐ ȗǞǋ ǋϥǋǁȗǡΑǋ

ǀǋƲǶ ǽΑǋȍǱƲȊ ȍǋǘǡǽǷल HǷǋ ΑǋȍΘ ǡǶȊǽȍȗƲǷȗ ΒƲΘ ȗǽ ǡǷǁȍǋƲȐǋ ǱȚǶǡǷǽȐǡȗΘ ǡȐ ȗǽ ǶǡǷǡǶǡΝǋAळ ΒǞǡǁǞ ȍǋॺ

bǞǋࣄ ǀƲȍǷ ॠƲǀǀȍǋΑǡƲȗǋǇ ǀॡ ǡȐ ȗΘȊǡǁƲǱǱΘ ȚȐǋǇ ƲȐ ȗǞǋ ȚǷǡȗ ǽǗ ƲȍǋƲळ ΒǞǡǁǞ ǡȐ ǋȌȚǡΑƲǱǋǷȗ ȗǽ 10−24 ǁǶ2ल HǷǋ ǁƲǷ
ƲǱȐǽ ǁǽǷȐǡǇǋȍ ǡǷȗǋǘȍƲȗǋǇ ǱȚǶǡǷǽȐǡȗΘळ

∫
Ldtळ ΒǞǡǁǞ ǡȐ Ʋ ǶǋƲȐȚȍǋ ǽǗ ȗǞǋ ȗǽȗƲǱ ǱȚǶǡǷǽȐǡȗΘ ǇǋǱǡΑǋȍǋǇ ǽΑǋȍ ȗǡǶǋ ƲǷǇ

ǡȐ ǶǋƲȐȚȍǋǇ ǡǷ ǀ−1ल
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ȌȚǡȍǋȐ ȐȗȍǽǷǘ ǗǽǁȚȐǡǷǘ ǽǗ ȗǞǋ ǀǋƲǶȐल bǞǡȐ ǡȐ ƲǁǞǡǋΑǋǇ ǀΘ ǱǽǁƲǱ ǗǽǁȚȐǡǷǘ ǽǗ ȗǞǋ ǀǋƲǶ ǀΘ ȗΒǽ ȐȚȊǋȍॺ

ǁǽǷǇȚǁȗǡǷǘ ȌȚƲǇȍȚȊǽǱǋ ǶƲǘǷǋȗȐ ǽǷ ǋǡȗǞǋȍ ȐǡǇǋ ǽǗ Ʋ ǀǋƲǶ ǁȍǽȐȐǡǷǘ ȊǽǡǷȗळ ΒǞǡǱǋ Ʋ ȗǽȗƲǱ ǽǗ ࣉࣆࣉ ȐȚȊǋȍॺ

ǁǽǷǇȚǁȗǡǷǘ ȌȚƲǇȍȚȊǽǱǋ ǶƲǘǷǋȗȐ Ʋȍǋ ȐǡȗȚƲȗǋǇ ƲȍǽȚǷǇ ȗǞǋ ȍǡǷǘ ȗǽ Ƕǽȍǋ ǱǽǽȐǋǱΘ ǗǽǁȚȐ ȗǞǋ ǀǋƲǶ ΒǡȗǞǡǷ

ȗǞǋ ƲǁǁǋǱǋȍƲȗǽȍ ƲȊǋȍȗȚȍǋल UȍǽȗǽǷȐ Ʋȍǋ ǘȚǡǇǋǇ ǱǽǷǘǡȗȚǇǡǷƲǱǱΘ ȚȐǡǷǘ ȍƲǇǡǽ ǗȍǋȌȚǋǷǁΘ ॠX$ॡ ǁƲΑǡȗǡǋȐ ΒǡȗǞ

ϮǋǱǇ ǗȍǋȌȚǋǷǁΘ ǽǗ B,Νलࣁࣁࣅ bǞǋ ȊȍǽȗǽǷȐ ȐǋȗȗǱǋ ǡǷȗǽ ǋΑǋȍΘ ȗǞࣁࣂ ȐǽॺǁƲǱǱǋǇ ǀȚǁǯǋȗࣅळ ȐȚǁǞ ȗǞƲȗ Ȋȍǽॺ

ȗǽǷ ǀȚǷǁǞǋȐ Ʋȍǋ ࣆࣆलࣈ ǁǶ ǱǽǷǘ ƲǷǇ ȐǋȊƲȍƲȗǋǇ ǀΘ ࣆࣃ ǷȐळ ΒǞǡǁǞ ϮΗǋȐ f ȗǽ B,Νलࣁࣅ bǞǋ X$ ȐΘȐȗǋǶ ǡȐ

ȍǋȐȊǽǷȐǡǀǱǋ Ǘǽȍ ƲǁǁǋǱǋȍƲȗǡǷǘ ȗǞǋ ǀǋƲǶ ǗȍǽǶ ȗǞǋ [ȚȊǋȍ UȍǽȗǽǷ [ΘǷǁǞȍǽȗȍǽǷ ǡǷǬǋǁȗǡǽǷ ǋǷǋȍǘΘ ǽǗ ࣁࣆࣅ

%ǋq ȗǽ ࣈ bǋqल

bǞǋ ǷȚǶǀǋȍ ǽǗ ǁǽǱǱǡȐǡǽǷ ǋΑǋǷȗȐ ǋΗȊǋǁȗǋǇ Ǘǽȍ Ʋ ȊȍǽǁǋȐȐ ΒǡȗǞ ǁȍǽȐȐ ȐǋǁȗǡǽǷ σ ƲǷǇ ǁǽǱǱǡȐǡǽǷ ǱȚǶǡǷǽȐॺ

ǡȗΘL ǡȐ ǘǡΑǋǷ ǀΘ

N =

∫
Ldt · σ ॠࣄलࣃॡ

bǞǋ ǁȍǽȐȐ ȐǋǁȗǡǽǷ Ǘǽȍ Ʋ ǞǋƲΑΘ ȍǋȐǽǷƲǷǁǋ ॠǋलǘल ,ǡǘǘȐ ǀǽȐǽǷ ȊȍǽǇȚǁȗǡǽǷॡ ǡǷǁȍǋƲȐǋȐ ΒǡȗǞ
√
s ǡǷ pp ǁǽǱॺ

ǱǡȐǡǽǷȐल [ǡǷǁǋ ȗǞǋ ǷȚǶǀǋȍ ǽǗ ȊȍǽǇȚǁǋǇ ,ǡǘǘȐ ǀǽȐǽǷȐ ǶȚȐȗ ǀǋ ǶƲΗǡǶǡΝǋǇ ȗǽ ǗȚǱϮǱǱ ȗǞǋ ȊǞΘȐǡǁȐ ǘǽƲǱ

ǽǗ ȗǞǋ =,�ळ ǡȗ ǀǋǷǋϮȗȐ ǗȍǽǶ ǀǽȗǞ ǞǡǘǞ ǱȚǶǡǷǽȐǡȗΘ ƲǷǇ
√
sल bƲǀǱǋ ࣂलࣄ ȐǞǽΒȐ Ʋ ǁǽǶȊƲȍǡȐǽǷ ǽǗ ȗǞǋ

ǇǋȐǡǘǷ ȐȊǋǁǡϮǁƲȗǡǽǷȐ Ǘǽȍ ȗǞǋ =,�ळ ƲȐ ΒǋǱǱ ƲȐ ȗǞǽȐǋ Ǘǽȍ =�Uࣃ ƲǷǇ ȗǞǋ bǋΑƲȗȍǽǷल $ȍǽǶ ȗǞǡȐळ ǽǷǋ ȐǋǋȐ

ȗǞƲȗ ȗǞǋ =,� ǡȐ ȗǞǋ ǶǽȐȗ ǋǷǋȍǘǋȗǡǁ ƲǷǇ ǱȚǶǡǷǽȚȐ ǞǡǘǞॺǋǷǋȍǘΘ ǁǽǱǱǡǇǋȍ ǀȚǡǱȗ ǀΘ Ʋ ΒǡǇǋ ǶƲȍǘǡǷࣆल

�ȚǁǯǋȗȐࣅ Ʋȍǋ ǁǋǷȗǋȍǋǇ ƲȍǽȚǷǇ ȍǡȐǡǷǘ ǋǇǘǋ ǽǗ ȗǞǋ X$ ϮǋǱǇळ ȐȚǁǞ ȗǞƲȗ ȊȍǽȗǽǷȐ ǡǷ ȗǞǋ ǀƲǁǯूǗȍǽǷȗ ǽǗ ȗǞǋ
ǀȚǁǯǋȗ Ʋȍǋ ƲǁǁǋǱǋȍƲȗǋǇ ǗƲȐȗǋȍ ȐूǱǽΒǋȍळ ǱǋƲǇǡǷǘ ȗǽ ȐΘǷǁǞȍǽȗȍǽǷ ǽȐǁǡǱǱƲȗǡǽǷ ΒǡȗǞǡǷ ǀȚǷǁǞǋȐ ।ࣄࣇ॥

bǞǋࣆ [ȚȊǋȍ<�<� e+e− ǁǽǱǱǡǇǋȍ ƲǁǞǡǋΑǋǇ Ʋ ǷǋΒ ΒǽȍǱǇ ȍǋǁǽȍǇ 2.22×1034 ǁǶ−2Ȑ−1 ǽǷ :ȚǷǋ ࣆࣂ ळࣁࣃࣁࣃ ȐȚȍॺ
ȊƲȐȐǡǷǘ ȗǞǋ =,�ल /ȗ ǁǽǱǱǡǇǋȐ ǋǱǋǁȗȍǽǷȐ ƲȗMΥ(4S) = 10.58%ǋqळ Ȑǽ ǁƲǷ ǀǋ ǇǡȐȌȚƲǱǡϮǋǇ ǗȍǽǶ ȗǞǋ ǁǽǶȊƲȍǡȐǽǷ
ǽǗ ǞǡǘǞॺǋǷǋȍǘΘ ǁǽǱǱǡǇǋȍȐ ǽǷ Ʋ ȗǋǁǞǷǡǁƲǱǡȗΘल

ࣈࣄ



7DEOH ���� 'HVLJQ SDUDPHWHUV RI WKH /+&� /(3�� DQG 7HYDWURQ�

Figure 4: Schematic cross-section of the LHC dipole magnet cryostat with its two separate vacuum
chambers and magnet coils for the two counter-rotating beams and the common infrastructure for the
powering and cooling of the magnet.

The main LHC parameters are listed in Table 1 and compared to its predecessor LEP [3] in its final
running phase and the Tevatron [5]. The design LHC parameters for the magnetic field and beam
intensity are particularly ambitious. The aim is to get the maximum energy and luminosity reachable
with current technology.

Table 1: Comparison of LHC and LEP2 design beam parameters.

LHC LEP2 Tevatron
colliding beams of p, p e

+
, e

�
p, p̄

Momentum at collisions, TeV/c 7 0.1 0.98
Peak luminosity, cm�1s�2 1034 (design) 1032 4.3⇥ 1032

Dipole field at top energy, Tesla 8.33 0.11 4.4
Number of bunches, each beam 2808 4 36
Total beam current / beam, A 0.58 0.003 0.08
Particles / bunch, 1011 1.15 4.2 2.9, 0.8
Typical beam size in the ring, µm 200� 300 1800/140 (H/V) 500
Beam size at IP, µm 16 200 / 3 (H/V) 24
Fraction of energy lost in synchr.rad. per turn 10�9 3% 10�11

Total power radiated in synchr.rad., MW 0.0078 18 10�6

Total energy stored in each beam, Megajoule 362 0.03 0.9
Total energy stored in the magnet system, Gigajoule 10 0.016 0.74
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4
bǞǋ �b=�[ �ǋȗǋǁȗǽȍ
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Figure 1.1: Cut-away view of the ATLAS detector. The dimensions of the detector are 25 m in
height and 44 m in length. The overall weight of the detector is approximately 7000 tonnes.

The ATLAS detector is nominally forward-backward symmetric with respect to the interac-
tion point. The magnet configuration comprises a thin superconducting solenoid surrounding the
inner-detector cavity, and three large superconducting toroids (one barrel and two end-caps) ar-
ranged with an eight-fold azimuthal symmetry around the calorimeters. This fundamental choice
has driven the design of the rest of the detector.

The inner detector is immersed in a 2 T solenoidal field. Pattern recognition, momentum
and vertex measurements, and electron identification are achieved with a combination of discrete,
high-resolution semiconductor pixel and strip detectors in the inner part of the tracking volume,
and straw-tube tracking detectors with the capability to generate and detect transition radiation in
its outer part.

High granularity liquid-argon (LAr) electromagnetic sampling calorimeters, with excellent
performance in terms of energy and position resolution, cover the pseudorapidity range |h | < 3.2.
The hadronic calorimetry in the range |h | < 1.7 is provided by a scintillator-tile calorimeter, which
is separated into a large barrel and two smaller extended barrel cylinders, one on either side of
the central barrel. In the end-caps (|h | > 1.5), LAr technology is also used for the hadronic
calorimeters, matching the outer |h | limits of end-cap electromagnetic calorimeters. The LAr
forward calorimeters provide both electromagnetic and hadronic energy measurements, and extend
the pseudorapidity coverage to |h | = 4.9.

The calorimeter is surrounded by the muon spectrometer. The air-core toroid system, with a
long barrel and two inserted end-cap magnets, generates strong bending power in a large volume
within a light and open structure. Multiple-scattering effects are thereby minimised, and excellent
muon momentum resolution is achieved with three layers of high precision tracking chambers.
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Table 1.1: General performance goals of the ATLAS detector. Note that, for high-pT muons,
the muon-spectrometer performance is independent of the inner-detector system. The units for E
and pT are in GeV.

Detector component Required resolution h coverage
Measurement Trigger

Tracking spT /pT = 0.05% pT �1% ±2.5
EM calorimetry sE/E = 10%/

p
E�0.7% ±3.2 ±2.5

Hadronic calorimetry (jets)
barrel and end-cap sE/E = 50%/

p
E�3% ±3.2 ±3.2

forward sE/E = 100%/
p

E�10% 3.1 < |h | < 4.9 3.1 < |h | < 4.9
Muon spectrometer spT /pT =10% at pT = 1 TeV ±2.7 ±2.4

The muon instrumentation includes, as a key component, trigger chambers with timing resolution
of the order of 1.5-4 ns. The muon spectrometer defines the overall dimensions of the ATLAS
detector.

The proton-proton interaction rate at the design luminosity of 1034 cm�2s�1 is approximately
1 GHz, while the event data recording, based on technology and resource limitations, is limited to
about 200 Hz. This requires an overall rejection factor of 5⇥106 against minimum-bias processes
while maintaining maximum efficiency for the new physics. The Level-1 (L1) trigger system uses a
subset of the total detector information to make a decision on whether or not to continue processing
an event, reducing the data rate to approximately 75 kHz (limited by the bandwidth of the readout
system, which is upgradeable to 100 kHz). The subsequent two levels, collectively known as the
high-level trigger, are the Level-2 (L2) trigger and the event filter. They provide the reduction to a
final data-taking rate of approximately 200 Hz.

Due to budgetary constraints, some detector systems had to be staged. They will be com-
pleted and installed as soon as technically and financially feasible. These include, in particular, a
significant part of the high-level trigger processing farm. The initial input capacity will be limited
to a L1 trigger rate of about 40 kHz. This capacity will be increased as needed to deal with the
LHC luminosity profile during the first years. The ultimate goal is to be able to handle 100 kHz
if needed. Some parts of the muon spectrometer are staged, most noticeably part of the precision
chambers in the transition region between the barrel and the end-caps. In addition, some of the
forward shielding elements will be completed later, as the LHC approaches design luminosity.

1.2 Tracking

Approximately 1000 particles will emerge from the collision point every 25 ns within |h | < 2.5,
creating a very large track density in the detector. To achieve the momentum and vertex reso-
lution requirements imposed by the benchmark physics processes, high-precision measurements
must be made with fine detector granularity. Pixel and silicon microstrip (SCT) trackers, used in
conjunction with the straw tubes of the Transition Radiation Tracker (TRT), offer these features.
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Figure 1.2: Cut-away view of the ATLAS inner detector.

The layout of the Inner Detector (ID) is illustrated in figure 1.2 and detailed in chapter 4. Its
basic parameters are summarised in table 1.2 (also see intrinsic accuracies in table 4.1). The ID is
immersed in a 2 T magnetic field generated by the central solenoid, which extends over a length of
5.3 m with a diameter of 2.5 m. The precision tracking detectors (pixels and SCT) cover the region
|h | < 2.5. In the barrel region, they are arranged on concentric cylinders around the beam axis
while in the end-cap regions they are located on disks perpendicular to the beam axis. The highest
granularity is achieved around the vertex region using silicon pixel detectors. The pixel layers are
segmented in R�f and z with typically three pixel layers crossed by each track. All pixel sensors
are identical and have a minimum pixel size in R�f⇥ z of 50⇥400 µm2. The intrinsic accuracies
in the barrel are 10 µm (R�f ) and 115 µm (z) and in the disks are 10 µm (R�f ) and 115 µm (R).
The pixel detector has approximately 80.4 million readout channels. For the SCT, eight strip layers
(four space points) are crossed by each track. In the barrel region, this detector uses small-angle
(40 mrad) stereo strips to measure both coordinates, with one set of strips in each layer parallel to
the beam direction, measuring R�f . They consist of two 6.4 cm long daisy-chained sensors with
a strip pitch of 80 µm. In the end-cap region, the detectors have a set of strips running radially and
a set of stereo strips at an angle of 40 mrad. The mean pitch of the strips is also approximately
80 µm. The intrinsic accuracies per module in the barrel are 17 µm (R�f ) and 580 µm (z) and in
the disks are 17 µm (R�f ) and 580 µm (R). The total number of readout channels in the SCT is
approximately 6.3 million.

A large number of hits (typically 36 per track) is provided by the 4 mm diameter straw tubes
of the TRT, which enables track-following up to |h | = 2.0. The TRT only provides R�f informa-
tion, for which it has an intrinsic accuracy of 130 µm per straw. In the barrel region, the straws are
parallel to the beam axis and are 144 cm long, with their wires divided into two halves, approxi-
mately at h = 0. In the end-cap region, the 37 cm long straws are arranged radially in wheels. The
total number of TRT readout channels is approximately 351,000.
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Table 1.2: Main parameters of the inner-detector system.

Item Radial extension (mm) Length (mm)
Overall ID envelope 0 < R < 1150 0 < |z| < 3512
Beam-pipe 29 < R < 36
Pixel Overall envelope 45.5 < R < 242 0 < |z| < 3092
3 cylindrical layers Sensitive barrel 50.5 < R < 122.5 0 < |z| < 400.5
2⇥3 disks Sensitive end-cap 88.8 < R < 149.6 495 < |z| < 650

SCT Overall envelope 255 < R < 549 (barrel) 0 < |z| < 805
251 < R < 610 (end-cap) 810 < |z| < 2797

4 cylindrical layers Sensitive barrel 299 < R < 514 0 < |z| < 749
2⇥9 disks Sensitive end-cap 275 < R < 560 839 < |z| < 2735

TRT Overall envelope 554 < R < 1082 (barrel) 0 < |z| < 780
617 < R < 1106 (end-cap) 827 < |z| < 2744

73 straw planes Sensitive barrel 563 < R < 1066 0 < |z| < 712
160 straw planes Sensitive end-cap 644 < R < 1004 848 < |z| < 2710

The combination of precision trackers at small radii with the TRT at a larger radius gives very
robust pattern recognition and high precision in both R�f and z coordinates. The straw hits at the
outer radius contribute significantly to the momentum measurement, since the lower precision per
point compared to the silicon is compensated by the large number of measurements and longer
measured track length.

The inner detector system provides tracking measurements in a range matched by the pre-
cision measurements of the electromagnetic calorimeter. The electron identification capabilities
are enhanced by the detection of transition-radiation photons in the xenon-based gas mixture of
the straw tubes. The semiconductor trackers also allow impact parameter measurements and ver-
texing for heavy-flavour and t-lepton tagging. The secondary vertex measurement performance is
enhanced by the innermost layer of pixels, at a radius of about 5 cm.

1.3 Calorimetry

A view of the sampling calorimeters is presented in figure 1.3, and the pseudorapidity coverage,
granularity, and segmentation in depth of the calorimeters are summarised in table 1.3 (see also
chapter 5). These calorimeters cover the range |h | < 4.9, using different techniques suited to the
widely varying requirements of the physics processes of interest and of the radiation environment
over this large h-range. Over the h region matched to the inner detector, the fine granularity of
the EM calorimeter is ideally suited for precision measurements of electrons and photons. The
coarser granularity of the rest of the calorimeter is sufficient to satisfy the physics requirements for
jet reconstruction and Emiss

T measurements.
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µǶ ǡǷ ƲΝǡǶȚȗǞल bǞǋȍǋ Ʋȍǋ Ʋ ȗǽȗƲǱ ǽǗ ࣄ ǀƲȍȍǋǱ ǱƲΘǋȍȐ ƲǷǇ ࣄ ǇǡȐǯ ǱƲΘǋȍȐ ǡǷ ȗǞǋ ǋǷǇǁƲȊȐळ ΘǡǋǱǇǡǷǘ ࣅलࣁࣉ ǶǡǱॺ

ǱǡǽǷ ȍǋƲǇǽȚȗ ǁǞƲǷǷǋǱȐ ǡǷ ȗǞǋ ȊǡΗǋǱ Ǉǋȗǋǁȗǽȍल �Ƿ ƲǇǇǡȗǡǽǷƲǱ ȊǡΗǋǱ ǱƲΘǋȍ ǁƲǱǱǋǇ ȗǞǋ ࣃ=�/ ƲǷǇ ǷǋΒ ȐǶƲǱǱǋȍ

ȍƲǇǡȚȐ ǀǋƲǶȊǡȊǋ Βǋȍǋ ǡǷȐȗƲǱǱǋǇ ǇȚȍǡǷǘ ȗǞǋ ϮȍȐȗ ǱǽǷǘ ȐǞȚȗǇǽΒǷ ǽǗ ȗǞǋ =,� ǡǷ लࣅࣂࣁࣃॺࣄࣂࣁࣃ

bǞǋ [�b ǱƲΘǋȍȐ Ʋȍǋ ǡǷȐȗƲǱǱǋǇ Ʋȗ ȍƲǇǡǡ ǀǋΘǽǷǇ ȗǞǋ ȊǡΗǋǱ ǱƲΘǋȍȐ ΒǞǋȍǋ ȗȍƲǁǯ ǇǋǷȐǡȗǡǋȐ Ʋȍǋ ǱǽΒǋȍल [ȗȍǡȊȐ

ǡǷ ȗǞǋ ǀƲȍȍǋǱ ȍǋǘǡǽǷ ǋΗȗǋǷǇ ǷǋƲȍǱΘ ȗǞǋ ǗȚǱǱ ǱǋǷǘȗǞ ǽǗ ȗǞǋ ȐǋǷȐǽȍ ॠࣇलࣅ ǁǶॡ ƲǷǇ ǞƲΑǋ Ʋ ȐȗȍǡȊ ȊǡȗǁǞ ǽǗ ࣁࣉ

µǶल bǞǋ ǀƲȍȍǋǱ ǗǋƲȗȚȍǋȐ ࣅ ǱƲΘǋȍȐ ǽǗ ȐǡǱǡǁǽǷ ȐȗȍǡȊ ȐǋǷȐǽȍȐ ǽȍǡǋǷȗǋǇ Ʋȗ Ʋ Ȑȗǋȍǋǽ ƲǷǘǱǋ ǽǗ ࣁࣅ ǶȍƲǇळ ΒǡȗǞ

ǽǷǋ ȐǋǷȐǽȍ ǡǷ ǋƲǁǞ ǱƲΘǋȍ ǞƲΑǡǷǘ ȐȗȍǡȊȐ ǽȍǡǋǷȗǋǇ ȊƲȍƲǱǱǋǱ ȗǽ ȗǞǋ ǀǋƲǶ ƲΗǡȐल bǞǡȐ ǡǶȊȍǽΑǋȐ ȗǞǋ ȐȊƲǁǋॺ

ȊǽǡǷȗ ȍǋȐǽǱȚȗǡǽǷ ǡǷ ǋƲǁǞ ǱƲΘǋȍ ƲǱǽǷǘ ȗǞǋ z ƲΗǡȐ ȗǽ ࣁࣉࣆ µǶळ ΒǞǡǱǋ ȗǞǋ ȍǋȐǽǱȚȗǡǽǷ ǡǷ ȗǞǋ ȊȍǋǁǡȐǡǽǷ ȊǱƲǷǋ

ॠƲΝǡǶȚȗǞॡ ǡȐ ࣈࣂ µǶल bǞǋ ǋǷǇॺǁƲȊ ǗǋƲȗȚȍǋȐ ࣊ ǱƲΘǋȍȐ ΒǡȗǞ ȗǞǋ ȐƲǶǋ ǇȚƲǱॺȐǋǷȐǽȍ Ȑȗǋȍǋǽ ƲǷǘǱǋ ǇǋȐǡǘǷ ƲǷǇ

ȊȍǽΑǡǇǋ ȐǡǶǡǱƲȍ ȐȊƲǁǋ ȊǽǡǷȗ ȍǋȐǽǱȚȗǡǽǷल

bǞǋࣃ �ॺ=ƲΘǋȍ ǷƲǶǋ ǡȐ ǇȚǋ ȗǽ ǡȗȐ ȍǽǱǋ ǡǷ ǡǶȊȍǽΑǡǷǘ ȗǞǋ ǡǇǋǷȗǡϮǁƲȗǡǽǷ ǽǗ �ॺǶǋȐǽǷȐ ȊȍǽǇȚǁǋǇ ǡǷ ǬǋȗȐल

ࣆࣅ



�ǽǷȗǡǷȚǽȚȐ ȗȍƲǁǯǡǷǘ Ʋȗ ȗǞǋ ǱƲȍǘǋȐȗ ȍƲǇǡǡ ǡȐ ȊȍǽΑǡǇǋǇ ǀΘ ȗǞǋ bXbल bǞǋ bXb ǗǋƲȗȚȍǋȐ ࣁࣁࣁळࣁࣈࣄ ǁΘǱǡǷॺ

ǇȍǡǁƲǱ ǇȍǡǗȗ ȗȚǀǋȐळ ǋƲǁǞ ࣅ ǶǶ ǡǷ ǇǡƲǶǋȗǋȍ ƲǷǇ ȐȚȊȊǽȍȗǡǷǘ Ʋ ࣂࣄ µǶ ǇǡƲǶǋȗǋȍ ǘǽǱǇॺȊǱƲȗǋǇ ȗȚǷǘȐȗǋǷ

ȐǋǷȐǋ Βǡȍǋ ǇǽΒǷ ȗǞǋ ǁǋǷȗȍƲǱ ƲΗǡȐल bǞǋȐǋ ȗȚǀǋȐ Ʋȍǋ ȍǋǗǋȍȍǋǇ ȗǽ ƲȐ ȐȗȍƲΒȐ ƲǷǇ Ʋȍǋ ϮǱǱǋǇ ΒǡȗǞ Ʋ ǘƲȐǋǽȚȐ

ǶǡΗȗȚȍǋ ǽǗ ੆ࣁࣈ xǋ ȗǽ ƲǀȐǽȍǀ ΗॺȍƲΘȐ ǗȍǽǶ ȗȍƲǷȐǡȗǡǽǷ ȍƲǇǡƲȗǡǽǷळ ੆ࣈࣃ �H2 ȗǽ ǡǷǁȍǋƲȐǋ ǋǱǋǁȗȍǽǷ ǇȍǡǗȗ

ΑǋǱǽǁǡȗΘळ ƲǷǇ ੆ࣄ H2 ȗǽ Ǘǽȍ ȊǞǽȗǽǷ ȌȚǋǷǁǞǡǷǘल BƲΗǡǶȚǶ ǋǱǋǁȗȍǽǷ ǇȍǡǗȗ ȗǡǶǋ ǡȐ ƲȊȊȍǽΗǡǶƲȗǋǱΘ ࣁࣆ ǷȐ

ǇȚȍǡǷǘ ȗΘȊǡǁƲǱ ǽȊǋȍƲȗǡǽǷल bǞǋ ȐȗȍƲΒȐ Ʋȍǋ ǽȍǡǋǷȗǋǇ ȊƲȍƲǱǱǋǱ ȗǽ ȗǞǋ ǀǋƲǶǱǡǷǋ ǡǷ ȗǞǋ ǀƲȍȍǋǱ ƲǷǇ ȍƲǇǡƲǱǱΘ

ǡǷ ȗǞǋ ǋǷǇǁƲȊȐल �Ƿ ƲΑǋȍƲǘǋ ǽǗ ࣇࣄ ǞǡȗȐ Ȋǋȍ ȗȍƲǁǯ Ʋȍǋ ȊȍǽΑǡǇǋǇ ǀΘ ȗǞǋ bXbल bǞǋ ȐȊƲǁǋ ǀǋȗΒǋǋǷ ȐȗȍƲΒȐ

ǡȐ ϮǱǱǋǇ ΒǡȗǞ ȊǽǱΘǶǋȍ ϮǀǋȍȐ ॠǗǽǡǱȐॡ ǡǷ ȗǞǋ ǀƲȍȍǋǱ ॠǋǷǇǁƲȊॡ ȐǋǁȗǽȍȐळ ΒǞǡǁǞ ǁȍǋƲȗǋȐ ǡǷǞǽǶǽǘǋǷǋǽȚȐ ǶƲȗǋॺ

ȍǡƲǱ ǀǽȚǷǇƲȍǡǋȐ ȗǞƲȗ ȍǋȐȚǱȗȐ ǡǷ ȗǞǋ ȊȍǽǇȚǁȗǡǽǷ ǽǗ ȗȍƲǷȐǡȗǡǽǷ ȍƲǇǡƲȗǡǽǷ ǀΘ ȍǋǱƲȗǡΑǡȐȗǡǁ ǁǞƲȍǘǋǇ ȊƲȍȗǡǁǱǋȐल

bǞǡȐ ǡȐ ȗΘȊǡǁƲǱǱΘ ǡǷ ȗǞǋ ȐǽǗȗ ΗॺȍƲΘ ȐȊǋǁȗȍȚǶळ ΒǞǡǁǞ ǁƲǷ ǀǋ ƲǀȐǽȍǀǋǇ ǀΘ ȗǞǋ xǋ ȗǽ ȊȍǽǇȚǁǋ ƲǷ ǡǇǋǷȗǡϮॺ

ƲǀǱǋ ȐǡǘǷƲǱ ǡǷ ȗǞǋ ȐȗȍƲΒȐल [ǡǷǁǋ ȗȍƲǷȐǡȗǡǽǷ ȍƲǇǡƲȗǡǽǷ ǡǷȗǋǷȐǡȗΘ ǇǋȊǋǷǇȐ ǽǷ γ = E/mळ ȗǞǋ bXb ǡȐ ƲǀǱǋ

ȗǽ ȊȍǽΑǡǇǋ ȊƲȍȗǡǁǱǋ ǡǇǋǷȗǡϮǁƲȗǡǽǷळ ȊƲȍȗǡǁȚǱƲȍǱΘ ǀǋȗΒǋǋǷ e±/π±ल

bǞǋ ǇǋȐǡǘǷ ǽǗ ȗǞǋ ȗȍƲǁǯǡǷǘ Ǉǋȗǋǁȗǽȍ ǡȐ ǽǷǋ ǽǗ ȗǞǋ ǶǽȐȗ ǁǽǷȐǋȌȚǋǷȗǡƲǱ ΒƲΘȐ ǡǷ ΒǞǡǁǞ �b=�[ ƲǷǇ

�B[ Ǉǡϥǋȍल �B[ ȚȐǋȐ ȐǡǱǡǁǽǷ ȊǡΗǋǱ ƲǷǇ ȐȗȍǡȊȐ ȗǽ ǡǷȐȗȍȚǶǋǷȗ ȗǞǋ ǋǷȗǡȍǋ ȗȍƲǁǯǡǷǘ ΑǽǱȚǶǋळ ΒǞǋȍǋƲȐ

�b=�[ ƲǱȐǽ ǗǋƲȗȚȍǋȐ Ʋ ǁǽǷȗǡǷȚǽȚȐ ȗȍƲǁǯǋȍ ΒǡȗǞ ȊƲȍȗǡǁǱǋ ǡǇǋǷȗǡϮǁƲȗǡǽǷ ǁƲȊƲǀǡǱǡȗǡǋȐल �B[ ȚȐǋȐ Ʋ ȐǡǷॺ

ǘǱǋ ȐǽǱǋǷǽǡǇ ȗǽ ȊȍǽΑǡǇǋ ǀǋǷǇǡǷǘ ǡǷ ǡȗȐ ǋǷȗǡȍǋ ΑǽǱȚǶǋल �Ȑ Ʋ ȍǋȐȚǱȗळ �B[ ǡȐ ƲǀǱǋ ȗǽ ȊȍǽǇȚǁǋ ǀǋǷǇǡǷǘ

ϮǋǱǇ ȐȗȍǋǷǘȗǞȐ ȗΒǡǁǋ ȗǞƲȗ ǽǗ �b=�[ ǡǷ ȗǞǋ ȗȍƲǁǯǋȍळ ǘǡΑǡǷǘ ǡȗ ȗǞǋ ǋǇǘǋ ǡǷ ǁǞƲȍǘǋǇ ȊƲȍȗǡǁǱǋ ǶǽǶǋǷȗȚǶ

ȍǋȐǽǱȚȗǡǽǷल

ࣄঢࣅ �ӂҟҕӪӟӐӈ҇ҪӉҟӪҲҕ ҇Ӊқ,҇қӟӐӉҲҕ �҇ӂӐӟҲӈҟӪҟӟӣ

bǞǡȐ ȐǋǁȗǡǽǷ ΒǡǱǱ ȐȚǶǶƲȍǡΝǋ ȗǞǋ ǇǋȐǡǘǷ ǽǗ ȗǞǋ ǋǱǋǁȗȍǽǶƲǘǷǋȗǡǁ ƲǷǇ ǞƲǇȍǽǷǡǁ ǁƲǱǽȍǡǶǋȗǋȍȐल bǞǋ ǁǽǶॺ

ȊȍǋǞǋǷȐǡΑǋ b�X Ǘǽȍ ǀǽȗǞ ȐǋǁȗǽȍȐ ǽǗ ȗǞǋ ǁƲǱǽȍǡǶǋȗǋȍ ƲǷǇ ȗǞǋǡȍ ǋΗȊǋǁȗǋǇ ȊǞΘȐǡǁȐ ȊǋȍǗǽȍǶƲǷǁǋ ǁƲǷ

ࣇࣅ



ǀǋ ǗǽȚǷǇ ǡǷ ।ࣃࣈळ ळࣄࣈ ॥लࣅࣈ bǞǋ ȊȚȍȊǽȐǋ ǽǗ ȗǞǋ ǁƲǱǽȍǡǶǋȗǋȍȐ ǡȐ ȗǽ ǇǋȐȗȍȚǁȗǡΑǋǱΘ ǶǋƲȐȚȍǋ ȗǞǋ ǋǷǋȍǘΘ ǽǗ

ǋǱǋǁȗȍǽǷȐळ ȊǞǽȗǽǷȐळ ƲǷǇ ǞƲǇȍǽǷȐल �ǱǱ ȊƲȍȗǡǁǱǋȐ ǋΗǁǋȊȗ Ǘǽȍ ǷǋȚȗȍǡǷǽȐ ƲǷǇ ǶȚǽǷȐ Ʋȍǋ ƲǀȐǽȍǀǋǇ ΒǡȗǞǡǷ

ȗǞǋ ǁƲǱǽȍǡǶǋȗǋȍȐल bǞǋ ȊǞΘȐǡǁȐ ǽǗ ǋǱǋǁȗȍǽǶƲǘǷǋȗǡǁ ƲǷǇ ǞƲǇȍǽǷǡǁ ȐǞǽΒǋȍȐ ǡȐ ȌȚǡȗǋ ǇǡϥǋȍǋǷȗ ƲǷǇ Ƕǽȗǡॺ

ΑƲȗǋȐ ȗǞǋ ȐǋǱǋǁȗǡǽǷ ǽǗ ǇǡϥǋȍǋǷȗ ȗǋǁǞǷǽǱǽǘǡǋȐ ǽȊȗǡǶǡΝǋǇ ȗǽ ǶǋƲȐȚȍǋ ǋƲǁǞ ॠȗǞǽȚǘǞ ǡȗ ǡȐ Ƿǽȗ ȊǽȐȐǡǀǱǋ ȗǽ

ȐȗȍǡǁȗǱΘ ǶǋƲȐȚȍǋ ȗǞǋǶ ȐǋȊƲȍƲȗǋǱΘॡल

�ǷǋȍǘΘ ǇǋȊǽȐǡȗǡǽǷ ǽǗ ǋǱǋǁȗȍǽǷȐ ƲǷǇ ȊǞǽȗǽǷȐ ȊȍǽǁǋǋǇȐ ΑǡƲ ǀȍǋǶȐȐȗȍƲǞǱȚǷǘ ƲǷǇ ȊƲǡȍ ȊȍǽǇȚǁȗǡǽǷ ȗǽ

ǗǽȍǶ ǋǱǋǁȗȍǽǶƲǘǷǋȗǡǁ ॠ�Bॡ ȐǞǽΒǋȍȐल �B ȐǞǽΒǋȍȐ ǞƲΑǋ Ʋ ȊȍǋǇǡǁȗƲǀǱǋ ȐǞƲȊǋळ ΒǡȗǞ ੆ࣁ࣊ ǋǷǋȍǘΘ ǁǽǷॺ

ȗƲǡǷǶǋǷȗ ǡǷȐǡǇǋ ȗǞǋ BǽǱǡǒȍǋ ȍƲǇǡȚȐRM = 0.0265X0(Z + 1.2)ळ ΒǞǋȍǋX0 ƲǷǇZ Ʋȍǋ ȗǞǋ ȍƲǇǡƲȗǡǽǷ

ǱǋǷǘȗǞ ƲǷǇ ƲȗǽǶǡǁ ǷȚǶǀǋȍ ǽǗ ȗǞǋ ǶƲȗǋȍǡƲǱल [ǞǽΒǋȍ ȐǞƲȊǋ ǡȐ ȗǞǋǷ ǇȍǡΑǋǷ ȊȚȍǋǱΘ ǀΘ ǶƲȗǋȍǡƲǱ ȊȍǽȊॺ

ǋȍȗǡǋȐल bǞǋ ȍǋǘȚǱƲȍǡȗΘ ǽǗ �B ȐǞǽΒǋȍ ȐǞƲȊǋ ǡȐ ǇȚǋ ȗǽ ȗǞǋ ǱǽΒ ȗǞȍǋȐǞǽǱǇ ǋǷǋȍǘΘ Ǘǽȍ ȊƲǡȍ ȊȍǽǇȚǁȗǡǽǷ

Ethreshold
γ = 2me ∼ 1Bǋqळ ȍǋȐȚǱȗǡǷǘ ǡǷ ǞǡǘǞ ǡǷȗǋȍƲǁȗǡǽǷ ǶȚǱȗǡȊǱǡǁǡȗǡǋȐ ǡǷ �B ȐǞǽΒǋȍ ǋΑǽǱȚȗǡǽǷȐल

bǞǋ ǱǽΒ ǡǷǞǋȍǋǷȗ ȍƲǷǇǽǶǷǋȐȐ ǡȐ ǋǷǁƲȊȐȚǱƲȗǋǇ ǀΘ ȗǞǋ ȐȗǽǁǞƲȐȗǡǁ ȗǋȍǶ ǡǷ ȗǞǋ ǋǷǋȍǘΘ ȍǋȐǽǱȚȗǡǽǷ ǽǗ ȗǞǋ

�b=�[ �B ǁƲǱǽȍǡǶǋȗǋȍ ǡǷ bƲǀǱǋ लࣂलࣅ bǞǋ ȍƲǇǡƲȗǡǽǷ ǱǋǷǘȗǞX0 ǁǞƲȍƲǁȗǋȍǡΝǋȐ ǀǽȗǞ ǋǱǋǁȗȍǽǷ ƲǷǇ ȊǞǽॺ

ȗǽǷ ǋǷǋȍǘΘ ǱǽȐȐ ƲǷǇ ȗǞǋȍǋǗǽȍǋ ȐǋȗȐ ȗǞǋ ȗΘȊǡǁƲǱ ǱǋǷǘȗǞ ȐǁƲǱǋ ǽǗ �B ȐǞǽΒǋȍȐल [ǡǷǁǋ ǀȍǋǶȐȐȗȍƲǞǱȚǷǘ ƲǷǇ

ȊƲǡȍ ȊȍǽǇȚǁȗǡǽǷ ȊȍǽǁǋǋǇ ȗǞȍǽȚǘǞ ȗǞǋ ΑǡȍȗȚƲǱ ǋΗǁǞƲǷǘǋ ǽǗ Ʋ ȊǞǽȗǽǷ ΒǡȗǞ Ʋ ǷȚǁǱǋȚȐ ǽǗ ǁǞƲȍǘǋZe ƲǷǇ

ȗǞǋ ȍƲǇǡƲȗǡǽǷ ǱǋǷǘȗǞ ǡȐ ǡǷΑǋȍȐǋǱΘ ȊȍǽȊǽȍȗǡǽǷƲǱ ȗǽ ȗǞǋ ǡǷȗǋȍƲǁȗǡǽǷ ǁȍǽȐȐ ȐǋǁȗǡǽǷळ ȗǞǋ ȍǽȚǘǞ ǇǋȊǋǷǇǋǷǁǋ

ǡȐ ǘǡΑǋǷ ǀΘX0 ∝ 1/Z2ल �Ƿ �B ǁƲǱǽȍǡǶǋȗǋȍ ǽǗ ǇǋȊȗǞ 20X0 ǡȐ ȗΘȊǡǁƲǱल

�ǷǋȍǘΘ ǇǋȊǽȐǡȗǡǽǷ ǽǗ ǷǋȚȗȍƲǱ ƲǷǇ ǁǞƲȍǘǋǇ ǞƲǇȍǽǷȐ ȊȍǽǁǋǋǇȐ ȗǞȍǽȚǘǞ ǡǷǋǱƲȐȗǡǁ ǷȚǁǱǋƲȍ ǡǷȗǋȍƲǁॺ

ȗǡǽǷȐ ǶǋǇǡƲȗǋǇ ǀΘ ȗǞǋ ȐȗȍǽǷǘ Ǘǽȍǁǋ ƲǷǇ ȍǋȐȚǱȗ ǡǷ ǞƲǇȍǽǷǡǁ ȐǞǽΒǋȍȐल bǞǋ ǱǋǷǘȗǞ ȐǁƲǱǋ ȗǞƲȗ ǇǋȐǁȍǡǀǋȐ

ȗǞǋ ȐǞǽΒǋȍ ȐǞƲȊǋȐ ǡȐ ȗǞǋ ǷȚǁǱǋƲȍ ǡǷȗǋȍƲǁȗǡǽǷ ǱǋǷǘȗǞ λ0 ǽǗ Ʋ ǶƲȗǋȍǡƲǱ ƲǷǇ ǡȐ ȗΘȊǡǁƲǱǱΘ ǱƲȍǘǋȍ ȗǞƲǷX0

Ǘǽȍ ȗǞǋ ȐƲǶǋ ǶƲȗǋȍǡƲǱल bǞǡȐ ǗƲΑǽȍȐ ȗǞǋ ǘǋǷǋȍƲǱ ȊȍƲǁȗǡǁǋ ǽǗ ǁǽǷȐȗȍȚǁȗǡǷǘ ȗǞǋ ǞƲǇȍǽǷǡǁ ǁƲǱǽȍǡǶǋȗǋȍ

ƲȍǽȚǷǇ ȗǞǋ �B ǁƲǱǽȍǡǶǋȗǋȍल [ǡǷǁǋ ǷȚǁǱǋƲȍ ȐǁƲȗȗǋȍǡǷǘ ǡȐ ǶǋǇǡƲȗǋǇ ǀΘ ȗǞǋ ǋΗǁǞƲǷǘǋ ǽǗ ǶƲȐȐǡΑǋ ȊǡǽǷȐळ
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ǡǷǘ ǞƲǇȍǽǷ ƲǷǇ ǷȚǁǱǋǽǷ Ʋȍǋ ȍǋȌȚǡȍǋǇल bǞǡȐ ȍǋȐȚǱȗȐ ǡǷ Ʋ ȍǽȚǘǞ ǡǷΑǋȍȐǋ ǇǋȊǋǷǇǋǷǁǋ ǽǗ ȗǞǋ ǡǷȗǋȍƲǁȗǡǽǷ

ǱǋǷǘȗǞ ǽǷ ǶƲȗǋȍǡƲǱ ǇǋǷȐǡȗΘऴ λ0 ∝ 1/ρ ∼ 1/Z ल bǞǋ ȗǞȍǋȐǞǽǱǇ ǋǷǋȍǘΘ Ǘǽȍ ȊȍǽǇȚǁǡǷǘ ȊǡǽǷȐ ȗǞȍǽȚǘǞ

ǡǷǋǱƲȐȗǡǁ ǷȚǁǱǋƲȍ ǁǽǱǱǡȐǡǽǷȐ ǡȐ ȗǞǋǷEthreshold = 2mπ = 280Bǋqल �Ȑ Ʋ ȍǋȐȚǱȗळ ȗǞǋ ǷȚǶǀǋȍ ǽǗ

ǡǷȗǋȍƲǁȗǡǽǷȐ ǡǷ Ʋ ǞƲǇȍǽǷǡǁ ȐǞǽΒǋȍ ǡȐ ȐǶƲǱǱ ȍǋȐȚǱȗǡǷǘ ǡǷ ǞǡǘǞǱΘ ǡȍȍǋǘȚǱƲȍ ȐǞǽΒǋȍ ȐǞƲȊǋȐ ƲǷǇ Ʋ ǱƲȍǘǋ

ȐȗǽǁǞƲȐȗǡǁ ȗǋȍǶ ǡǷ ȗǞǋ ǋǷǋȍǘΘ ȍǋȐǽǱȚȗǡǽǷ ƲȐ ȐǞǽΒǷ ǡǷ bƲǀǱǋ लࣂलࣅ
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Figure 1.3: Cut-away view of the ATLAS calorimeter system.

Calorimeters must provide good containment for electromagnetic and hadronic showers, and
must also limit punch-through into the muon system. Hence, calorimeter depth is an important
design consideration. The total thickness of the EM calorimeter is > 22 radiation lengths (X0)
in the barrel and > 24 X0 in the end-caps. The approximate 9.7 interaction lengths (l ) of active
calorimeter in the barrel (10 l in the end-caps) are adequate to provide good resolution for high-
energy jets (see table 1.1). The total thickness, including 1.3 l from the outer support, is 11 l
at h = 0 and has been shown both by measurements and simulations to be sufficient to reduce
punch-through well below the irreducible level of prompt or decay muons. Together with the large
h-coverage, this thickness will also ensure a good Emiss

T measurement, which is important for many
physics signatures and in particular for SUSY particle searches.

1.3.1 LAr electromagnetic calorimeter

The EM calorimeter is divided into a barrel part (|h | < 1.475) and two end-cap components
(1.375 < |h | < 3.2), each housed in their own cryostat. The position of the central solenoid in
front of the EM calorimeter demands optimisation of the material in order to achieve the de-
sired calorimeter performance. As a consequence, the central solenoid and the LAr calorimeter
share a common vacuum vessel, thereby eliminating two vacuum walls. The barrel calorimeter
consists of two identical half-barrels, separated by a small gap (4 mm) at z = 0. Each end-cap
calorimeter is mechanically divided into two coaxial wheels: an outer wheel covering the region
1.375 < |h | < 2.5, and an inner wheel covering the region 2.5 < |h | < 3.2. The EM calorimeter is
a lead-LAr detector with accordion-shaped kapton electrodes and lead absorber plates over its full
coverage. The accordion geometry provides complete f symmetry without azimuthal cracks. The
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)LJXUH ���� $Q RYHUYLHZ RI WKH $7/$6 HOHFWURPDJQHWLF DQG KDGURQLF FDORULPHWHUV� 1RWH WKH /$U EDUUHO (0&DO�

EDUUHO 7LOH +&DO� DQG FRPELQHG /$U IRUZDUG FDORULPHWHU� 7KH FDORULPHWHU VXUURXQGV WKH LQQHU WUDFNHU DQG

VROHQRLG� ZKLFK LV GDUNHQHG�

� ǁȚȗǽȚȗ ǽǗ ȗǞǋ �b=�[ ǁƲǱǽȍǡǶǋȗǋȍȐ ǡȐ ȐǞǽΒǷ ǡǷ $ǡǘȚȍǋ लࣅलࣅ bǞǋ ǀƲȍȍǋǱ �B ǁƲǱǽȍǡǶǋȗǋȍ ȚȐǋȐ

ƲǱȗǋȍǷƲȗǡǷǘ ǱƲΘǋȍȐ ǽǗ ǱǡȌȚǡǇ ƲȍǘǽǷ ॠ=�ȍॡ ΒǡȗǞ ǯƲȊȗǽǷ ǋǱǋǁȗȍǽǇǋȐ ƲǷǇ ǱǋƲǇ ƲǀȐǽȍǀǋȍȐ ǡǷ ƲǷ ƲǁǁǽȍǇǡǽǷ

ǘǋǽǶǋȗȍΘ ƲȐ ȐǞǽΒǷ ǡǷ $ǡǘȚȍǋ लࣆलࣅ bǞǋ ȚȐǋ ǽǗ ǱǋƲǇ Ǘǽȍ ƲǀȐǽȍȊȗǡǽǷ ǶƲΗǡǶǡΝǋȐ ȗǞǋ ǇǋȊȗǞ ǽǗ ȗǞǋ �B

ǁƲǱǽȍǡǶǋȗǋȍ ǡǷ Ʋ ϮΗǋǇ ΑǽǱȚǶǋळ ȊȍǽΑǡǇǡǷǘ> 22X0 ǡǷ ȗǞǋ ǀƲȍȍǋǱ ॠ|η| < 1.475ॡ ƲǷǇ> 24X0 ǡǷ ȗǞǋ
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ǋǷǇǁƲȊȐ ॠ1.375 < |η| < 3.2ॡल bǞǋ ƲǁǁǽȍǇǡǽǷ ǘǋǽǶǋȗȍΘ ȊȍǽΑǡǇǋȐ ǗȚǱǱ ǁǽΑǋȍƲǘǋ ΒǡȗǞǽȚȗ ƲΝǡǶȚȗǞƲǱ

ǘƲȊȐल � ȊȍǋȐƲǶȊǱǡǷǘ ǱƲΘǋȍ ǡȐ ǡǷȐȗȍȚǶǋǷȗǋǇ ǡǷ |η| < 1.8 Ǘǽȍ ǋǱǋǁȗȍǽǷ ƲǷǇ ȊǞǽȗǽǷ ǋǷǋȍǘΘ ǁǽȍȍǋǁȗǡǽǷ

ƲǷǇ ȗǽ ȊȍǽΑǡǇǋ ǡǇǋǷȗǡϮǁƲȗǡǽǷ ǽǗ ǁǽǱǱǡǶƲȗǋǇ π0 → γγ ǇǋǁƲΘȐल
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Figure 5.4: Sketch of a barrel module where the different layers are clearly visible with the ganging
of electrodes in f . The granularity in h and f of the cells of each of the three layers and of the
trigger towers is also shown.

5.2.2 Barrel geometry

The barrel electromagnetic calorimeter [107] is made of two half-barrels, centred around the z-
axis. One half-barrel covers the region with z > 0 (0 < h < 1.475) and the other one the region
with z < 0 (�1.475 < h < 0). The length of each half-barrel is 3.2 m, their inner and outer
diameters are 2.8 m and 4 m respectively, and each half-barrel weighs 57 tonnes. As mentioned
above, the barrel calorimeter is complemented with a liquid-argon presampler detector, placed in
front of its inner surface, over the full h-range.

A half-barrel is made of 1024 accordion-shaped absorbers, interleaved with readout elec-
trodes. The electrodes are positioned in the middle of the gap by honeycomb spacers. The size
of the drift gap on each side of the electrode is 2.1 mm, which corresponds to a total drift time
of about 450 ns for an operating voltage of 2000 V. Once assembled, a half-barrel presents no
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)LJXUH ���� $ GLDJUDP RI DQ (0 FDORULPHWHU WRZHU ZLWK GLVWLQFW DFFRUGLRQ JHRPHWU\

HȚȗȐǡǇǋ ǽǗ ȗǞǋ �B ǁƲǱǽȍǡǶǋȗǋȍ ǡȐ ȗǞǋ ǞƲǇȍǽǷǡǁ ȗǡǱǋ ȐƲǶȊǱǡǷǘ ǁƲǱǽȍǡǶǋȗǋȍ ॠbǡǱǋ�ƲǱॡ ǁǽǷȐǡȐȗǡǷǘ

ǽǗ ȐȗǋǋǱ ƲǀȐǽȍǀǋȍȐ ƲǷǇ ȊǱƲȐȗǡǁ ȐǁǡǷȗǡǱǱƲȗǡǷǘ ȗǡǱǋȐ ƲȐ ȗǞǋ ƲǁȗǡΑǋ ǶƲȗǋȍǡƲǱल bǞǋ ǀƲȍȍǋǱ ȍǋǘǡǽǷ ǁǽΑǋȍȐ ȗǞǋ

ȍƲǷǘǋ |η| < 1.0 ƲǷǇ ȗǞǋ ȗΒǽ ǋΗȗǋǷǇǋǇ ǀƲȍȍǋǱ ǇǋȗǋǁȗǽȍȐ ǁǽΑǋȍ 0.8 < |η| < 1.7ल bǞǋ bǡǱǋ�ƲǱ ǡȐ

ȐǋǘǶǋǷȗǋǇ ȍƲǇǡƲǱǱΘ ǡǷȗǽ ࣄ ǱƲΘǋȍȐ ƲǷǇ ȐǁǡǷȗǡǱǱƲȗǡǽǷ ǱǡǘǞȗ ǡȐ ǁǽǱǱǋǁȗǋǇ ΑǡƲ ΒƲΑǋǱǋǷǘȗǞॺȐǞǡǗȗǡǷǘ ȊǱƲȐȗǡǁ

ϮǀǋȍȐ ȗǽ ȊǞǽȗǽǶȚǱȗǡȊǱǡǋȍ ȗȚǀǋȐल � ȐǁǞǋǶƲȗǡǁ ǽǗ Ʋ bǡǱǋ�ƲǱ ȐǋǁȗǡǽǷ ǡȐ ȐǞǽΒǷ ǡǷ $ǡǘȚȍǋ लࣇलࣅ

bǞǋ ,ƲǇȍǽǷǡǁ �ǷǇǁƲȊ �ƲǱǽȍǡǶǋȗǋȍ ॠ,��ॡ ȊȍǽΑǡǇǋȐ ǁƲǱǽȍǡǶǋȗȍΘ ǡǷ ȗǞǋ ȍƲǷǘǋ 1.5 < |η| < 3.2 ȗǽ
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supplies which power the readout are mounted in an external steel box, which has the cross-section
of the support girder and which also contains the external connections for power and other services
for the electronics (see section 5.6.3.1). Finally, the calorimeter is equipped with three calibration
systems: charge injection, laser and a 137Cs radioactive source. These systems test the optical
and digitised signals at various stages and are used to set the PMT gains to a uniformity of ±3%
(see section 5.6.2).

5.3.1.2 Mechanical structure
Photomultiplier

Wavelength-shifting fibre

Scintillator Steel

Source

tubes

Figure 5.9: Schematic showing how the mechan-
ical assembly and the optical readout of the tile
calorimeter are integrated together. The vari-
ous components of the optical readout, namely
the tiles, the fibres and the photomultipliers, are
shown.

The mechanical structure of the tile calorime-
ter is designed as a self-supporting, segmented
structure comprising 64 modules, each sub-
tending 5.625 degrees in azimuth, for each of
the three sections of the calorimeter [112]. The
module sub-assembly is shown in figure 5.10.
Each module contains a precision-machined
strong-back steel girder, the edges of which
are used to establish a module-to-module gap
of 1.5 mm at the inner radius. To maximise
the use of radial space, the girder provides both
the volume in which the tile calorimeter read-
out electronics are contained and the flux return
for the solenoid field. The readout fibres, suit-
ably bundled, penetrate the edges of the gird-
ers through machined holes, into which plas-
tic rings have been precisely mounted. These
rings are matched to the position of photomul-
tipliers. The fundamental element of the ab-
sorber structure consists of a 5 mm thick mas-
ter plate, onto which 4 mm thick spacer plates
are glued in a staggered fashion to form the
pockets in which the scintillator tiles are lo-
cated [113]. The master plate was fabricated
by high-precision die stamping to obtain the dimensional tolerances required to meet the specifica-
tion for the module-to-module gap. At the module edges, the spacer plates are aligned into recessed
slots, in which the readout fibres run. Holes in the master and spacer plates allow the insertion of
stainless-steel tubes for the radioactive source calibration system.

Each module is constructed by gluing the structures described above into sub-modules on a
custom stacking fixture. These are then bolted onto the girder to form modules, with care being
taken to ensure that the azimuthal alignment meets the specifications. The calorimeter is assembled
by mounting and bolting modules to each other in sequence. Shims are inserted at the inner and
outer radius load-bearing surfaces to control the overall geometry and yield a nominal module-
to-module azimuthal gap of 1.5 mm and a radial envelope which is generally within 5 mm of the
nominal one [112, 114].
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Figure 5.15: Schematic R� f (left) and R� z (right) views of the hadronic end-cap calorimeter.
The semi-pointing layout of the readout electrodes is indicated by the dashed lines. Dimensions
are in mm.

tie-rods. Each drift zone is individually supplied with high voltage (see table 5.1). The middle
electrode carries a pad structure covered by a high-resistivity layer, serving as the readout electrode
and defining the lateral segmentation of the calorimeter. The two other electrodes carry surfaces of
high resistivity to which high voltage is applied. These high-voltage planes form an electrostatic
transformer (EST). Electrically, this structure corresponds to a double gap of 3.6 mm each. The
EST structure has the advantage of a lower high-voltage for operation, of a double high-voltage
safety and thus of reduced problems with space-charge effects due to ion density at large values
of |h |. For the nominal high voltage of 1800 V, the typical drift time for electrons in the drift zone
is 430 ns.

The readout cells are defined by pads etched on the central foil in each gap. The arrangement
of these pads provides a semi-pointing geometry (see figure 5.15). The size of the readout cells is
Dh⇥Df = 0.1⇥0.1 in the region |h | < 2.5 and 0.2⇥0.2 for larger values of h .

The signals from the pads of this electrode structure are amplified and summed employing
the concept of active pads [121]: the signals from two consecutive pads are fed into a separate
preamplifier (based on GaAs electronics). The use of GaAs preamplifiers in the cold provides the
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Figure 5.19: Schematic diagram showing the
three FCal modules located in the end-cap
cryostat. The material in front of the FCal and
the shielding plug behind it are also shown.
The black regions are structural parts of the
cryostat. The diagram has a larger vertical
scale for clarity.

Figure 5.20: Electrode structure of FCal1 with
the matrix of copper plates and the copper tubes
and rods with the LAr gap for the electrodes.
The Molière radius, RM, is represented by the
solid disk.

copper tube separated by a precision, radiation-hard plastic fibre wound around the rod. The ar-
rangement of electrodes and the effective Molière radius for the modules can be seen in figure 5.20.
Mechanical integrity is achieved by a set of four tie-rods which are bolted through the structure.
The electrode tubes are swaged at the signal end to provide a good electrical contact.

The hadronic modules FCal2 and FCal3 are optimised for a high absorption length. This
is achieved by maximising the amount of tungsten in the modules. These modules consist of
two copper end-plates, each 2.35 cm thick, which are spanned by electrode structures, similar to
the ones used in FCal1, except for the use of tungsten rods instead of copper rods. Swaging of
the copper tubes to the end-plates is used to provide rigidity for the overall structure and good
electrical contact. The space between the end-plates and the tubes is filled with small tungsten
slugs, as shown in figure 5.21. The inner and outer radii of the absorber structure formed by the
rods, tubes and slugs are enclosed in copper shells.

Signals are read out from the side of FCal1 nearer to the interaction point and from the
sides of FCal2 and FCal3 farther from the interaction point. This arrangement keeps the cables
and connectors away from the region of maximum radiation damage which is near the back of
FCal1. Readout electrodes are hard-wired together with small interconnect boards on the faces
of the modules in groups of four, six and nine for FCal1, FCal2 and FCal3 respectively. The
signals are then routed using miniature polyimide co-axial cables along the periphery of the FCal
modules to summing boards which are mounted on the back of the HEC calorimeter. The summing
boards are equipped with transmission-line transformers which sum four inputs. High voltage
(see table 5.1) is also distributed on the summing boards via a set of current-limiting resistors, as
shown in figure 5.22 for the specific case of FCal1. The signal summings at the inner and outer
radii of the modules are in general different due to geometric constraints and higher counting rates
at the inner radius [122].
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Figure 1.4: Cut-away view of the ATLAS muon system.

1.4 Muon system

The conceptual layout of the muon spectrometer is shown in figure 1.4 and the main parameters
of the muon chambers are listed in table 1.4 (see also chapter 6). It is based on the magnetic
deflection of muon tracks in the large superconducting air-core toroid magnets, instrumented with
separate trigger and high-precision tracking chambers. Over the range |h | < 1.4, magnetic bending
is provided by the large barrel toroid. For 1.6 < |h | < 2.7, muon tracks are bent by two smaller
end-cap magnets inserted into both ends of the barrel toroid. Over 1.4 < |h | < 1.6, usually referred
to as the transition region, magnetic deflection is provided by a combination of barrel and end-cap
fields. This magnet configuration provides a field which is mostly orthogonal to the muon trajec-
tories, while minimising the degradation of resolution due to multiple scattering. The anticipated
high level of particle flux has had a major impact on the choice and design of the spectrome-
ter instrumentation, affecting performance parameters such as rate capability, granularity, ageing
properties, and radiation hardness.

In the barrel region, tracks are measured in chambers arranged in three cylindrical layers
around the beam axis; in the transition and end-cap regions, the chambers are installed in planes
perpendicular to the beam, also in three layers.
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Table 1.4: Main parameters of the muon spectrometer. Numbers in brackets for the MDT’s and
the RPC’s refer to the final configuration of the detector in 2009.

Monitored drift tubes MDT
- Coverage |h | < 2.7 (innermost layer: |h | < 2.0)
- Number of chambers 1088 (1150)
- Number of channels 339 000 (354 000)
- Function Precision tracking
Cathode strip chambers CSC
- Coverage 2.0 < |h | < 2.7
- Number of chambers 32
- Number of channels 31 000
- Function Precision tracking
Resistive plate chambers RPC
- Coverage |h | < 1.05
- Number of chambers 544 (606)
- Number of channels 359 000 (373 000)
- Function Triggering, second coordinate
Thin gap chambers TGC
- Coverage 1.05 < |h | < 2.7 (2.4 for triggering)
- Number of chambers 3588
- Number of channels 318 000
- Function Triggering, second coordinate

1.4.1 The toroid magnets

A system of three large air-core toroids generates the magnetic field for the muon spectrometer.
The two end-cap toroids are inserted in the barrel toroid at each end and line up with the central
solenoid. Each of the three toroids consists of eight coils assembled radially and symmetrically
around the beam axis. The end-cap toroid coil system is rotated by 22.5� with respect to the barrel
toroid coil system in order to provide radial overlap and to optimise the bending power at the
interface between the two coil systems.

The barrel toroid coils are housed in eight individual cryostats, with the linking elements
between them providing the overall mechanical stability. Each end-cap toroid consists of eight
racetrack-like coils in an aluminium alloy housing. Each coil has two double-pancake type wind-
ings. They are cold-linked and assembled as a single cold mass, housed in one large cryostat.
Therefore the internal forces in the end-cap toroids are taken by the cold supporting structure be-
tween the coils, a different design solution than in the barrel toroid.

The performance in terms of bending power is characterised by the field integral
R

Bdl, where
B is the field component normal to the muon direction and the integral is computed along an
infinite-momentum muon trajectory, between the innermost and outermost muon-chamber planes.
The barrel toroid provides 1.5 to 5.5 Tm of bending power in the pseudorapidity range 0 < |h | <

1.4, and the end-cap toroids approximately 1 to 7.5 Tm in the region 1.6 < |h | < 2.7. The bending
power is lower in the transition regions where the two magnets overlap (1.4 < |h | < 1.6).
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ȗƲǯǋǷ ǡǷȗǽ ƲǁǁǽȚǷȗ Ǘǽȍ ȊȍǋǁǡȐǡǽǷ ǶȚǽǷ ȍǋǁǽǷȐȗȍȚǁȗǡǽǷल bǽ ȗǞǡȐ ǋǷǇळ ࣁࣁࣉळࣂ ,ƲǱǱ ȊȍǽǀǋȐ Ʋȍǋ ǡǷȐȗƲǱǱǋǇ

ȗǞȍǽȚǘǞǽȚȗ ȗǞǋ Ǉǋȗǋǁȗǽȍ ΑǽǱȚǶǋ ȗǽ ǁǽǷȗǡǷȚǽȚȐǱΘ ǶǽǷǡȗǽȍ ȗǞǋ ǶƲǘǷǋȗǡǁ ϮǋǱǇल � ϮǷǡȗǋॺǋǱǋǶǋǷȗ ȐǡǶॺ

ȚǱƲȗǡǽǷ ǽǗ ȗǞǋ ǁǽǡǱȐ ƲǷǇ ǁǽǷǇȚǁȗǡǷǘ ǋǱǋǶǋǷȗȐ ǡȐ ȚȐǋǇ ȗǽ ȊȍǽǇȚǁǋ ǶƲǘǷǋȗǡǁ ϮǋǱǇ ǶƲȊȐ ǇǽΒǷ ȗǽ Ʋȍǀǡॺ

ȗȍƲȍΘ ȊȍǋǁǡȐǡǽǷल bǞǋ ȊǽȐǡȗǡǽǷȐ ƲǷǇ ǽȍǡǋǷȗƲȗǡǽǷȐ ǽǗ ȗǞǋ ǁǽǡǱȐ Ʋȍǋ ϱǽƲȗǋǇ ΒǡȗǞǡǷ ȗǞǋǡȍ ǯǷǽΒǷ ȊȍǋǁǡȐǡǽǷ

ƲǷǇ ȗǞǋǡȍ ȍǋȐȚǱȗƲǷȗ ϮǋǱǇ ȊȍǋǇǡǁȗǋǇ ǀΘ ȗǞǋ �ǡǽȗॺ[ƲΑƲȍȗ ǱƲΒ ǡȐ ϮȗȗǋǇ ȗǽ ,ƲǱǱ Ȋȍǽǀǋ ǶǋƲȐȚȍǋǶǋǷȗȐल [ǱǡǁǋȐ

ǽǗ ȗǞǋ ǶƲǘǷǋȗǡǁ ϮǋǱǇ ǶƲȊ Ʋȍǋ ȐǞǽΒǷ ǡǷ $ǡǘȚȍǋ लࣁࣂलࣅ
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Figure 2.1: Geometry of magnet windings and
tile calorimeter steel. The eight barrel toroid
coils, with the end-cap coils interleaved are
visible. The solenoid winding lies inside the
calorimeter volume. The tile calorimeter is
modelled (section 2.2.2) by four layers with dif-
ferent magnetic properties, plus an outside re-
turn yoke. For the sake of clarity the forward
shielding disk (section 3.2) is not displayed.

Figure 2.2: Bare central solenoid in the factory
after completion of the coil winding.

phases. The cold-mass and cryostat integration work began in 2001. The first barrel toroid coil
was lowered in the cavern in fall 2004, immediately followed by the solenoid (embedded inside the
LAr barrel calorimeter). The remaining seven barrel-toroid coils were installed in 2004 and 2005,
and the end-cap toroids in the summer of 2007.

2.1.1 Central solenoid

The central solenoid [2] is displayed in figure 2.2, and its main parameters are listed in table 2.1.
It is designed to provide a 2 T axial field (1.998 T at the magnet’s centre at the nominal 7.730 kA
operational current). To achieve the desired calorimeter performance, the layout was carefully
optimised to keep the material thickness in front of the calorimeter as low as possible, resulting
in the solenoid assembly contributing a total of ⇠ 0.66 radiation lengths [9] at normal incidence.
This required, in particular, that the solenoid windings and LAr calorimeter share a common vac-
uum vessel, thereby eliminating two vacuum walls. An additional heat shield consisting of 2 mm
thick aluminium panels is installed between the solenoid and the inner wall of the cryostat. The
single-layer coil is wound with a high-strength Al-stabilised NbTi conductor, specially developed
to achieve a high field while optimising thickness, inside a 12 mm thick Al 5083 support cylin-
der. The inner and outer diameters of the solenoid are 2.46 m and 2.56 m and its axial length
is 5.8 m. The coil mass is 5.4 tonnes and the stored energy is 40 MJ. The stored-energy-to-mass
ratio of only 7.4 kJ/kg at nominal field [2] clearly demonstrates successful compliance with the
design requirement of an extremely light-weight structure. The flux is returned by the steel of the
ATLAS hadronic calorimeter and its girder structure (see figure 2.1). The solenoid is charged and
discharged in about 30 minutes. In the case of a quench, the stored energy is absorbed by the en-
thalpy of the cold mass which raises the cold mass temperature to a safe value of 120 K maximum.
Re-cooling to 4.5 K is achieved within one day.
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Figure 2.3: Barrel toroid as installed in the underground cavern; note the symmetry of the support-
ing structure. The temporary scaffolding and green platforms were removed once the installation
was complete. The scale is indicated by the person standing in between the two bottom coils.
Also visible are the stainless-steel rails carrying the barrel calorimeter with its embedded solenoid,
which await translation towards their final position in the centre of the detector.

The conductor and coil-winding technology is essentially the same in the barrel and end-cap
toroids; it is based on winding a pure Al-stabilised Nb/Ti/Cu conductor [13] into pancake-shaped
coils, followed by vacuum impregnation.

The cold-mass integration [14] and the cryostat integration [15] were performed at CERN
over a period of approximately three years, and were completed in summer 2005. In parallel, all
coils successfully underwent on-surface acceptance test procedures [16]. Cool down and testing
of the barrel toroid in the cavern took place in 2006. The cool down of the 360-tonne cold mass
to 4.6 K takes five weeks. The test programme included normal ramps, up to nominal current (in
2 hours) followed by either a slow dump (in 2 hours) or a fast dump (in 2 minutes) in the case
of a provoked quench. The ultimate test sequence that proved the system’s health is shown in
figure 2.4. The magnet current is raised in steps up to its nominal value of 20.5 kA and then finally
up to 21.0 kA, demonstrating the ability of the system to withstand at least an additional 500 A.
The current is then allowed to decay back to its design value; the magnet is finally turned off by a
deliberate fast dump. After re-cooling the cycle was repeated, demonstrating that no degradation
had occurred up to the nominal operating current. During a fast dump, triggered either manually or
by the quench detection system, the stored energy of 1.1 GJ is absorbed by the enthalpy of the cold
mass following the activation of four quench heaters per coil and in all eight coils, which forces
the entire magnet into the normal conducting state within less than two seconds. This leads to a
very safe global cold mass temperature of about 58 K and a hot-spot temperature in the windings of
about 85 K maximum. The uniform quench heating system also ensures that the internal voltage in
the toroid is kept at a low value of about 70 V. After a fast dump the magnet cooling system needs
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)LJXUH ���� $ UHQGHULQJ RI WKH $7/$6PDJQHW V\VWHP �OHIW� DQG D SKRWRJUDSK RI WKH EDUUHO WRURLGDO PDJQHW

FU\RVWDWV� 1RWH WKH ��IROG V\PPHWU\ RI WKHPDJQHW JHRPHWU\�

bǞǋ ǋǷǇǁƲȊ ǁȍΘǽȐȗƲȗȐ ǁǽǷȗƲǡǷǡǷǘ ȗǞǋ ǋǷǇǁƲȊ ȗǽȍǽǡǇȐ ΒǡǱǱ ȐǞǡǗȗ ȊǽȐǡȗǡǽǷ ƲǗȗǋȍ ǡǷǡȗǡƲǱ ȊǱƲǁǋǶǋǷȗ ǇȚǋ

ȗǽ ǶƲǘǷǋȗǽȐȗƲȗǡǁ ǗǽȍǁǋȐल UǽȐǡȗǡǽǷ ȐǋǷȐǽȍȐ Βǋȍǋ ǡǷȐȗƲǱǱǋǇ ǽǷȗǽ ȗǞǋ ȐȚȍǗƲǁǋ ǽǗ ȗǞǋ ǋǷǇǁƲȊ ǁȍΘǽȐȗƲȗȐ ǇȚȍॺ

ǡǷǘ ȗǞǋ ϮȍȐȗ ǱǽǷǘ ȐǞȚȗǇǽΒǷ ǽǗ ȗǞǋ =,�ल � ȐǞǡǗȗ ǡǷ ȊǽȐǡȗǡǽǷ ǽǗ ƲȊȊȍǽΗǡǶƲȗǋǱΘ ࣃ ǶǶΒƲȐ ǽǀȐǋȍΑǋǇळ

ΒǞǡǁǞ ǡȐ ǱƲȍǘǋȍ ȗǞƲǷ ȗǞǋ ȊǽȐǡȗǡǽǷ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ƲǗȗǋȍ ǡǷǡȗǡƲǱ ǁǽǶǶǡȐȐǡǽǷǡǷǘल bǞǡȐ ǡǷǗǽȍǶƲȗǡǽǷ ΒƲȐ

ȚȐǋǇ ǡǷ ƲǷ ȚȊǇƲȗǋǇ Ϯȗ Ǘǽȍ ȗǞǋ ǶƲǘǷǋȗǡǁ ϮǋǱǇल BΘ ȌȚƲǱǡϮǁƲȗǡǽǷ ȗƲȐǯ Ǘǽȍ ȗǞǋ �b=�[ ǋΗȊǋȍǡǶǋǷȗ ΒƲȐ
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ȗǽ ǋΑƲǱȚƲȗǋ ȗǞǋ ǁǞƲǷǘǋ ǡǷ ǶȚǽǷ ȍǋǁǽǷȐȗȍȚǁȗǡǽǷ ȊǋȍǗǽȍǶƲǷǁǋ ƲȐ Ʋ ȍǋȐȚǱȗ ǽǗ ȚȊǇƲȗǡǷǘ ȗǞǋ ǶƲȊ ǗȍǽǶ

ȗǞǋ XȚǷ / ǁǽǷϮǘȚȍƲȗǡǽǷ ȗǽ ȗǞǋ ǡǶȊȍǽΑǋǇ XȚǷ // ǁǽǷϮǘȚȍƲȗǡǽǷल eȊǇƲȗǡǷǘ ȗǞǋ ǶƲȊ ȍǋȐȚǱȗȐ ǡǷ Ʋ ȐǞǡǗȗ

ȗǽ ȗǞǋ ǶȚǽǷ ǶǽǶǋǷȗȚǶ ȐǁƲǱǋ ƲǷǇ ǡǶȊȍǽΑǋǶǋǷȗ ǡǷ ȗǞǋ ǶǽǶǋǷȗȚǶ ȍǋȐǽǱȚȗǡǽǷ ǽǗ ȐȗƲǷǇƲǱǽǷǋ ॠǁǽǶॺ

ǀǡǷǋǇॡ ǶȚǽǷȐ ǀΘ ੆ࣉलࣁ ॠࣁलࣄ੆ॡ ǡǷ ȗǞǋ ǗǽȍΒƲȍǇ ȍǋǘǡǽǷ ।ࣈࣈ॥ल

)LJXUH ����� 7UDQVYHUVH �OHIW� FHQWHU� DQG ORQJLWXGLQDO �ULJKW� VOLFHV RI PDJQHWLF ĆHOGPDS DQG WKH FRUUHVSRQGLQJ

GLIIHUHQFH EHWZHHQ 5XQ , DQG 5XQ ,, GHWHFWRU FRQGLWLRQV

bǞǋ ǯǋΘ ǁǞƲȍƲǁȗǋȍǡȐȗǡǁ ǽǗ ȗǞǋ ǶƲǘǷǋȗȐ ǡȐ ǀǋǷǇǡǷǘ ȊǽΒǋȍळ ǇǋϮǷǋǇ ƲȐ ȗǞǋ ǀǋǷǇǡǷǘ ǁǽǶȊǽǷǋǷȗ ǽǗ

ȗǞǋ ϮǋǱǇ ǡǷȗǋǘȍƲȗǋǇ ǗȍǽǶ ȗǞǋ ǁǋǷȗǋȍ ǽǗ ȗǞǋ Ǉǋȗǋǁȗǽȍ ȍƲǇǡƲǱǱΘ ǽȚȗΒƲȍǇ ȗǽ ǡǷϮǷǡȗΘऴ
∫
Bφ drल �ǋǷǇǡǷǘ

ȐȗȍǋǷǘȗǞ ǡǷ ȗǞǋ ǀƲȍȍǋǱ ȍƲǷǘǋȐ ǀǋȗΒǋǋǷ ࣆलࣂ ƲǷǇ ࣆलࣆ b·Ƕ ॠ|η| < 1.4ॡ ƲǷǇ ǀǋȗΒǋǋǷ ࣂ ƲǷǇ ࣆलࣈ bǶ ǡǷ ȗǞǋ

ǋǷǇǁƲȊ ȍǋǘǡǽǷȐ ॠ1.6 < |η| < 2.7ॡल bǞǋ ǡǷȗǋȍǶǋǇǡƲȗǋ ȗȍƲǷȐǡȗǡǽǷ ȍǋǘǡǽǷ ȐȚϥǋȍȐ ǗȍǽǶ ȍǋǇȚǁǋǇ ǀǋǷǇǡǷǘ

ȊǽΒǋȍ ƲǷǇ ǁƲǷ ǀǋ ȐǋǋǷ ǡǷ $ǡǘȚȍǋ लࣂࣂलࣅ

ࣇঢࣅ bӟҲҪҪҟӟ ҇Ӊқ�҇Ӫ҇ �ҕӞӮҲӣҲӪҲӐӉ

bǞǋ =,� ǇǋǱǡΑǋȍȐ ȊȍǽȗǽǷ ǀȚǷǁǞǋȐ ǁǽǱǱǡȐǡǽǷȐ ȗǽ �b=�[ Ʋȗ Ʋ ȍƲȗǋ ǽǗ B,Νलࣁࣅ bǞǋ ǋȌȚǡΑƲǱǋǷȗ ǇƲȗƲ

ȍƲȗǋ ΒǽȚǱǇ ǀǋ ǽǷ ȗǞǋ ǽȍǇǋȍ ǽǗ ࣁࣁࣂ U� Ȑू ǡǗ ȗǞǋ Ǉǋȗǋǁȗǽȍ ǇƲȗƲ ΒƲȐ ȍǋƲǇǽȚȗ Ʋȗ ǋΑǋȍΘ ǀȚǷǁǞ ǁȍǽȐȐǡǷǘळ
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)LJXUH ����� %HQGLQJ VWUHQJWK GXULQJ 5XQ , �OHIW� DQG GLIIHUHQFH LQ 5XQ ,, FRQGLWLRQV �ULJKW�

ΒǞǡǁǞ ǡȐ ࣉ ǽȍǇǋȍȐ ǽǗ ǶƲǘǷǡȗȚǇǋ ǞǡǘǞǋȍ ȗǞƲǷ ǁƲǷ ǀǋ ȊȍǽǁǋȐȐǋǇ ƲǷǇ ȐȗǽȍǋǇल BǽȐȗ ǽǗ ȗǞǡȐ ǇƲȗƲ ǡȐ ȚǷǡǷॺ

ȗǋȍǋȐȗǡǷǘळ ƲȐ ȗǞǋ ǶǽȐȗ ǡǷȗǋȍǋȐȗǡǷǘ ǞƲȍǇ ȐǁƲȗȗǋȍǡǷǘ ȊȍǽǁǋȐȐǋȐ Ʋȍǋ ΑǋȍΘ ȍƲȍǋल �b=�[ ǋǶȊǱǽΘȐ Ʋ ȗΒǽ ȐȗǋȊ

ȗȍǡǘǘǋȍ ϱǽΒ ǁǽǷȐǡȐȗǡǷǘ ǽǗ Ʋ ǞƲȍǇΒƲȍǋॺǀƲȐǋǇ ǱǋΑǋǱ ࣂ ॠ=ࣂॡ ȗȍǡǘǘǋȍ ƲǷǇ ȐǽǗȗΒƲȍǋॺǀƲȐǋǇ ǞǡǘǞॺǱǋΑǋǱ ȗȍǡǘǘǋȍ

ॠ,=bॡ ǁǽȚȊǱǋǇ ȗǽ Ʋ ǇƲȗƲ ƲǁȌȚǡȐǡȗǡǽǷ ॠ��Wॡ ȊǡȊǋǱǡǷǋ ȗǽ ǁƲȊȗȚȍǋ ǽǷǱΘ ǡǷȗǋȍǋȐȗǡǷǘ ǁǽǱǱǡȐǡǽǷ ǋΑǋǷȗȐल �Ƿ

ǽΑǋȍΑǡǋΒ ǽǗ ȗǞǋ �b=�[ ȗȍǡǘǘǋȍ ƲǷǇ ��W ȐȗȍǋƲǶ ǡȐ ȐǞǽΒǷ ǡǷ $ǡǘȚȍǋ लࣃࣂलࣅ

Figure 4.6: Schematic view of the ATLAS trigger system showing output rates in Run
2 [99].

MS. Electrons and photons are triggered on energy deposits in the EM calorimeter which is

limited by its fine segmentation in |η| < 2.5. In the hadronic calorimeter, jet candidates are

constructed at L1 from coarse calorimeter towers made of trigger-elements using a sliding

window algorithm. A trigger-element is determined by the sum of cells in a 0.2×0.2 (η−φ)

region, and the sliding window examines the total ET against a trigger threshold value in

a 4× 4 region of trigger-elements. Muon triggers are based on a coincidence of hits among

several layers of the trigger chambers.

The L1 is followed by the HLT which operates at 1 kHz. The HLT consists of the

Level 2 (L2) trigger followed by the event filter (EF). The L2 trigger performs similar

measurements as the L1 trigger, but with a finer granularity and ID measurements for

regions of interest. The EF fully reconstructs the event using offline tracking and jet

reconstruction. The event reconstruction is performed using the ATLAS Athena control

framework [100]. Most events that pass the selection requirements of the EF are written

to the "main" analysis stream, while a few events which require a longer processing time

are saved to a "debug" stream for reprocessing. Data is periodically reprocessed to reflect
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)LJXUH ����� 6FKHPDWLF GLDJUDP RI WKH $7/$6 WULJJHU DQG'$4ćRZ LQ 5XQ ,,

bǞǋ ࣂ= ȗȍǡǘǘǋȍ ǇǋǁǡȐǡǽǷ ǡȐ ǗǽȍǶǋǇ ǀƲȐǋǇ ǽǷ ǱǡǶǡȗǋǇ ǡǷǗǽȍǶƲȗǡǽǷ ǗȍǽǶ ǁƲǱǽȍǡǶǋȗǋȍȐ ƲǷǇ ǶȚǽǷ ȗȍǡǘॺ

ǘǋȍ ǁǞƲǶǀǋȍȐळ ǋƲǁǞ ǽǗ ΒǞǡǁǞ Ʋȍǋ ȊȍǽǁǋȐȐǋǇ ǡǷǇǋȊǋǷǇǋǷȗǱΘ ǀΘ ǇǋǇǡǁƲȗǋǇ ȗȍǡǘǘǋȍ ȊȍǽǁǋȐȐǽȍȐ ǀȚǡǱȗ ǽǷ
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ǁȚȐȗǽǶ ǞƲȍǇΒƲȍǋ ǱǽǁƲȗǋǇ ǡǷ ȗǞǋ �b=�[ ǁƲΑǋȍǷ ।ࣉࣈ॥ल �ƲǱǽȍǡǶǋȗǋȍ ȗȍǡǘǘǋȍȐ Ʋȍǋ ϮȍǋǇ ǀƲȐǋǇ ǽǷ Ʋ ǁǽƲȍȐǋॺ

ǘȍƲǡǷǋǇ ȗǞȍǋȐǞǽǱǇǡǷǘ ƲǱǘǽȍǡȗǞǶ ǽǗ ǁǋǱǱ ǇǋȊǽȐǡȗȐ ƲǷǇ ǶȚǽǷ ȗȍǡǘǘǋȍȐ Ʋȍǋ ϮȍǋǇ ǀƲȐǋǇ ǽǷ ǁǽǡǷǁǡǇǋǷǁǋȐ ǽǗ

ǞǡȗȐ ǡǷ ǶȚǱȗǡȊǱǋ ǱƲΘǋȍȐ ǽǗ B[ ȗȍǡǘǘǋȍ ǁǞƲǶǀǋȍȐ ǁǽǷȐǡȐȗǋǷȗ ΒǡȗǞ ǶȚǽǷȐ ȊȍǽǇȚǁǋǇ ǷǋƲȍ ȗǞǋ /Uल �Ƿ HX

ǽǗ ȗǞǋȐǋ ȗȍǡǘǘǋȍ ǡȗǋǶȐ ǇǋϮǷǋȐ ƲǷ =ࠬ �ǗǗǡȠȭ ॠ=ࣂ�ॡ ȐǡǘǷƲǱ ȗǞƲȗ ǡȐ ȐǋǷȗ ȗǽ Ʋ ǁǽǱǱǋǁȗǡǽǷ ǽǗ ǞƲȍǇΒƲȍǋॺǀƲȐǋǇ

ȣǡǈǝȓȰȭ ǝȣǷ͏ǡȣȦ ॠXH�ॡ ȗǞƲȗ ȊȍǽǁǋȐȐ Ǉǋȗǋǁȗǽȍ ǇƲȗƲ ȗǽ ȗǞǋ ǁǋǷȗȍƲǱ ȍǋƲǇǽȚȗ ȐΘȐȗǋǶल �Ƿ �ࣂ= ǇǋǁǡȐǡǽǷ ǡȐ

ȊȍǽǁǋȐȐǋǇ ǡǷ ȚǷǇǋȍ ࣆलࣃ µȐ ƲǷǇ Ʋȍǋ ϮȍǋǇ Ʋȗ ࣁࣁࣂ ǯ,Νळ ȍǋǇȚǁǡǷǘ ȗǞǋ ǇƲȗƲ ȍƲȗǋ ȗǽ ࣁࣇࣂ %� Ȑूल bǞǋ ࣂ= ȗȍǡǘॺ

ǘǋȍ ƲǱȐǽ ǇǋϮǷǋȐ ȣǡǮǷȓȍȦ ȓǭ ǷȍȭǡȣǡȦȭ ॠXH/ॡ ȗǞƲȗ ȐǋǋǇ ȗǞǋ ,=bल �ΑǋǷȗ ǗȍƲǘǶǋǷȗȐ Ʋȍǋ ȗȍƲǷȐǶǡȗȗǋǇ ΑǡƲ Ϯǀǋȍ

ǽȊȗǡǁ ǁƲǀǱǋȐ ȗǽ Ʋ �Ue ǗƲȍǶ ǽǗ ࣁࣁࣁळࣁࣅ ǁǽȍǋȐ ǞǽȚȐǋǇ ǡǷ ȗǞǋ e[ࣆࣂ� ȐǋȍΑǡǁǋ ǞƲǱǱल [ǽǗȗΒƲȍǋ ƲǱǘǽȍǡȗǞǶȐ

ƲǷƲǱΘΝǋ ǋΑǋǷȗ ǗȍƲǘǶǋǷȗȐ ȗǽ ǗǽȍǶ,=b ǇǋǁǡȐǡǽǷȐ ǀƲȐǋǇ ǽǷ Ƕǽȍǋ ǗȚǱǱΘ ȍǋǁǽǷȐȗȍȚǁȗǋǇ ǶȚǽǷȐळ ǋǱǋǁȗȍǽǷȐळ

ȊǞǽȗǽǷȐळ ƲǷǇ ǬǋȗȐ ǡǷ≈ 200 µȐल bǞǋ ,=b ȍǋǇȚǁǋȐ ȗǞǋ ǋΑǋǷȗ ȍƲȗǋ ǇǽΒǷ ȗǽ ࣆलࣂ ǯ,Νूࣂलࣆ %� Ȑूल �ΑǋǷȗȐ

ȗǞƲȗ ȊƲȐȐ ȗǞǋ ,=b Ʋȍǋ ΒȍǡȗȗǋǷ ȗǽ ȗƲȊǋ ƲǷǇ ȐǋǷȗ ǽϥ ȗǽ Ʋ ȗǡǋȍǋǇ ǘǱǽǀƲǱ ǁǽǶȊȚȗǡǷǘ ȐΘȐȗǋǶ Ǘǽȍ ǽϫǡǷǋ

ȍǋǁǽǷȐȗȍȚǁȗǡǽǷल

ࣈࣆ



UƲȍȗ ///

BǽǇǋǱǡǷǘ ƲǷǇ XǋǁǽǷȐȗȍȚǁȗǡǽǷ

ࣉࣆ



5
BǽǷȗǋ �ƲȍǱǽ [ǡǶȚǱƲȗǡǽǷ

bǞǋȍǋ Ʋȍǋ ǶƲǷΘ ȊǞΘȐǡǁƲǱ ȊȍǽǁǋȐȐǋȐ Ʋȗ ȊǱƲΘ ǡǷ ǞǡǘǞॺǋǷǋȍǘΘ pp ǁǽǱǱǡȐǡǽǷȐल BǽȐȗळ ǡǷ ǗƲǁȗळ Ʋȍǋ Ƿǽȗ ǁǞƲȍॺ

ƲǁȗǋȍǡΝǋǇ ǀΘ Ʋ ǞǡǘǞ ǶǽǶǋǷȗȚǶ ȗȍƲǷȐǗǋȍ ȐǁƲǱǋ q2 ∼ sल UƲȍȗ ǽǗ ȗǞǡȐ ǡȐ ǇȚǋ ȗǽ ȗǞǋ ǁǞǽǡǁǋ ǽǗ ǁǽǱǱǡǇǡǷǘ

ǞƲǇȍǽǷȐ ǡǷȐȗǋƲǇ ǽǗ ǗȚǷǇƲǶǋǷȗƲǱ ȊƲȍȗǡǁǱǋȐ Ǳǡǯǋ ǋǱǋǁȗȍǽǷȐळ ΒǞǋȍǋ ȌȚƲȍǯȐ ƲǷǇ ǘǱȚǽǷȐ Ʋȍǋ ǁǽǷϮǷǋǇ Ʋȗ

ƲǷ ǋǷǋȍǘΘ ǽǗO(ࣂ %ǋq)ल bǞǋ ȚǷǡΑǋȍȐƲǱ ǗƲǁȗǽȍǡΝƲȗǡǽǷ ǽǗ ǱǽΒॺǋǷǋȍǘΘ ȊȍǽǁǋȐȐǋȐ ǡǷȗǋȍǷƲǱ ȗǽ ȗǞǋ ȊȍǽȗǽǷ

ƲǷǇ ȗǞǋ ǞǡǘǞॺǋǷǋȍǘΘ ȐǁƲȗȗǋȍǡǷǘ ǡǷȗǋȍƲǁȗǡǽǷȐ ǽǗ ǡȗȐ ǁǽǷȐȗǡȗȚǋǷȗ ȊƲȍȗǽǷȐ ǡȐ ǋȐȐǋǷȗǡƲǱ Ǘǽȍ ȗǞǋ ȗǋǷƲǀǡǱǡȗΘ ǽǗ

ȗǞǋǽȍǋȗǡǁƲǱ ǁƲǱǁȚǱƲȗǡǽǷȐल �ǇǇǡȗǡǽǷƲǱ ǁǽǶȊǱǋΗǡȗΘ ƲȍǡȐǋȐ ǗȍǽǶ ȗǞǋ ȗȍƲǷȐǡȗǡǽǷ ǽǗ W�� ǗȍǽǶ ƲǷ ƲȐΘǶȊॺ

ȗǽȗǡǁƲǱǱΘ Ǘȍǋǋ ȗǽ Ʋ ǁǽǷϮǷǡǷǘ ǡǷȗǋȍƲǁȗǡǽǷ ƲȐ q ǋΑǽǱΑǋȐ ǇǽΒǷΒƲȍǇ ȗǽΒƲȍǇΛQCD ƲȐ ϮǷƲǱ ȐȗƲȗǋ ȊƲȍȗǡǁǱǋȐ

࣊ࣆ



ȊȍǽȊƲǘƲȗǋ ƲΒƲΘ ǗȍǽǶ ȗǞǋ ǡǷȗǋȍƲǁȗǡǽǷ ȊǽǡǷȗल $ǡǷƲǱǱΘळ ǶΘȍǡƲǇ ȊƲȍȗǡǁǱǋȐ ȊȍǽȊƲǘƲȗǋ ȗǞȍǽȚǘǞ ȗǞǋ Ǉǋȗǋǁȗǽȍ

ΑǽǱȚǶǋ ƲǷǇ ȚǷǇǋȍǘǽ ȍƲǷǇǽǶǶƲȗǋȍǡƲǱ ǡǷȗǋȍƲǁȗǡǽǷȐळ ǁȍǋƲȗǡǷǘ ǇǡȐǁǋȍǷǡǀǱǋ ǞǡȗȐ ȗǞƲȗ Ʋȍǋ ǇǡǘǡȗǡΝǋǇ ƲǷǇ

ȊƲȐȐǋǇ ȗǞȍǽȚǘǞ Ʋ ȍǋǁǽǷȐȗȍȚǁȗǡǽǷ ƲǱǘǽȍǡȗǞǶल bǞǋ ȊȍǽǁǋȐȐǋȐ ȗǞƲȗ ǘǽΑǋȍǷ pp ǁǽǱǱǡȐǡǽǷȐ ƲǷǇ ȗǞǋ ȐȗƲǀǱǋ

ȊƲȍȗǡǁǱǋȐ ȗǞƲȗ ȚǱȗǡǶƲȗǋǱΘ ȊƲȐȐ ȗǞȍǽȚǘǞ Ʋ Ǉǋȗǋǁȗǽȍ Ʋȍǋ ǇȍƲΒǷ ǡǷ $ǡǘȚȍǋ लࣂलࣆ

Figure 3: Sketch of a hadron-hadron collision as simulated by a Monte-Carlo event generator. The red
blob in the center represents the hard collision, surrounded by a tree-like structure representing
Bremsstrahlung as simulated by parton showers. The purple blob indicates a secondary hard
scattering event. Parton-to-hadron transitions are represented by light green blobs, dark
green blobs indicate hadron decays, while yellow lines signal soft photon radiation.

At hadron colliders, multiple scattering and rescattering e↵ects arise, which must be simulated by Monte-
Carlo event generators in order to reflect the full complexity of the event structure. This will be discussed
in Sec. 5. Eventually we need to convert the full partonic final state into a set of color-neutral hadrons,
which is the topic of Sec. 6. The interplay of all these e↵ects makes for the full simulation of hadron-hadron
collisions. This is sketched in Fig. 3.

2 The hard scattering

Event simulation in parton-shower Monte-Carlo event generators starts with the computation of the hard-
scattering cross section at some given order in perturbation theory. Traditionally, this calculation was
performed at leading order (LO), but nowadays, with next-to-leading-order (NLO) calculations completely
automated, it is often done at NLO. Computing the hard cross section at NLO requires a dedicated
matching to the parton shower, which will be discussed in Sec. 4. For now we focus on the evaluation of
the di↵erential cross sections and the related phase-space integrals.

The basis for our calculations is the factorization formula, Eq. (1.1). We rewrite it here, in order to
simplify the discussions in the following sections. The full initial and final state in a 2 ! (n � 2)
reaction can be identified by a set of n particles, which is denoted by {~a} = {a1, . . . , an}. Their flavors

and momenta are similarly specified as {~f } = {f1, . . . , fn} and {~p} = {p1, . . . , pn}. The di↵erential
cross section at leading order is a sum over all flavor configurations, and it depends only on the parton
momenta:

d�(LO)({~p}) =
X

{~f }

d�(B)

n ({~a}) , where d�(B)

n ({~a}) = d�̄n({~p}) Bn({~a}) . (2.1)

Each individual term in the sum consists of the di↵erential phase-space element, d�n, the squared matrix
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)LJXUH ���� &DUWRRQ RI D pp FROOLVLRQ HYHQW >�@

�ǽǷȐȗȍȚǁȗǡǷǘ ƲǷ ƲǷƲǱΘȗǡǁƲǱ ǶǽǇǋǱ ȗǽ ȊȍǋǇǡǁȗ ǶȚǱȗǡॺǇǡǶǋǷȐǡǽǷƲǱ ȊȍǽǀƲǀǡǱǡȗΘ ǇǡȐȗȍǡǀȚȗǡǽǷȐ Ǘǽȍ ǇƲȗƲ

ǁǽǶǡǷǘ ǗȍǽǶ ȐȚǁǞ ƲǷ ǋΗȊǋȍǡǶǋǷȗ ǡȐ ǡǶȊǽȐȐǡǀǱǋल $ǽȍ ǡǷȐȗƲǷǁǋळ Ʋ ȊȍǽǀƲǀǡǱǡȗΘ ǇǡȐȗȍǡǀȚȗǡǽǷ ǗȚǷǁȗǡǽǷ

Ǘǽȍ ȗǞǋ ǷȚǶǀǋȍ ǽǗ ǬǋȗȐ ȊȍǽǇȚǁǋǇ ǡǷ ƲǷ ǋΑǋǷȗ ΒǽȚǱǇ ǶǡǷǡǶƲǱǱΘ ȍǋȌȚǡȍǋ ȗǞǋ ǡǷȗǋǘȍƲȗǡǽǷ ǽΑǋȍ ǶǡǱǱǡǽǷȐ

ǽǗ Ǉǋȗǋǁȗǽȍ ǁǞƲǷǷǋǱȐ ΒǞǽȐǋ ǞǡȗȐ Ʋȍǋ ȍǋǁǽǷȐȗȍȚǁȗǋǇ ȗǽ ǗǽȍǶ Ǭǋȗ ǽǀǬǋǁȗȐल �ǽǱǱǡǇǋȍ ǋΗȊǋȍǡǶǋǷȗȐ ǡǷȐȗǋƲǇ

ǞǋƲΑǡǱΘ ȍǋǱΘ ǽǷ ȗǞǋ ǶǋȗǞǽǇ ǽǗ BǽǷȗǋ �ƲȍǱǽ ॠB�ॡ ȐǡǶȚǱƲȗǡǽǷळ ΒǞǋȍǋǀΘ ǋΑǋǷȗȐ Ʋȍǋ ȊȍǽǀƲǀǡǱǡȐȗǡǁƲǱǱΘ

ǘǋǷǋȍƲȗǋǇ ƲǁǁǽȍǇǡǷǘ ȗǽ ǇǡȐȗȍǡǀȚȗǡǽǷȐ ȗǞƲȗ ǁƲǷ ǀǋ ȐƲǶȊǱǋǇ ȐȗǋȊॺǀΘॺȐȗǋȊ ƲǷǇ ǗǋǇ ǗǽȍΒƲȍǇ ȗǞȍǽȚǘǞ ȗǞǋ

ࣁࣇ



ȐǡǶȚǱƲȗǡǽǷ ǁǞƲǡǷल /Ƿ ȗǞǡȐ ΒƲΘळ ȗǞǋ ȗǞǋǽȍǋȗǡǁƲǱ ǶǽǇǋǱ ǁƲǷ ǀǋ ǞƲǷǇǱǋǇ Ƕǽȍǋ Ǳǡǯǋ ǇƲȗƲल bǞǋ ȐȚǁǁǋȐȐǗȚǱ

ǡǶȊǱǋǶǋǷȗƲȗǡǽǷ ǽǗ B�ǶǋȗǞǽǇȐ ǡǷ ȊƲȍȗǡǁǱǋ ȊǞΘȐǡǁȐ ȍǋǱǡǋȐ ǽǷ ȗǞǋ ǱǽΒ ǁǽȐȗ ǽǗ ǘǋǷǋȍƲȗǡǷǘ ȍƲǷǇǽǶ

ǋΑǋǷȗȐ ǶƲǇǋ ȊǽȐȐǡǀǱǋ ǀΘ ǶǽǇǋȍǷ ǁǽǶȊȚȗǋȍ ȗǋǁǞǷǽǱǽǘΘल bǞǡȐ ǁǞƲȊȗǋȍ ΒǡǱǱ ȐȚǶǶƲȍǡΝǋ ȗǞǋ ȊȍǡǷǁǡȊǱǋȐ

ȚǷǇǋȍǱΘǡǷǘ B� ȐǡǶȚǱƲȗǡǽǷ ȗǋǁǞǷǡȌȚǋȐ ƲǷǇ ǞǡǘǞǱǡǘǞȗ ȐȊǋǁǡϮǁ ƲȐȊǋǁȗȐ ȗǞƲȗ Ʋȍǋ ȍǋǱǋΑƲǷȗ ȗǽ ȗǞǋ ǶǽȐȗ

ȊȍǋǁǡȐǋ ȊȍǋǇǡǁȗǡǽǷȐ Ǘǽȍ ȗǞǋ tt̄W ȊȍǽǁǋȐȐल $ǽȍ Ʋ Ƕǽȍǋ ǇǋȗƲǡǱǋǇ ǽΑǋȍΑǡǋΒ ǽǗ B�ǶǋȗǞǽǇȐ ǡǷ ǁǽǱǱǡǇǋȍ

ȊǞΘȐǡǁȐळ Ȑǋǋ ȍǋǗǋȍǋǷǁǋȐ ।࣊ࣈळ ॥लࣁࣉ

ࣂঢࣆ ,҇ӟқ [ҕ҇ӪӪҟӟҲӉҪ /ӉӪҟӟ҇ҕӪҲӐӉӣ

bǞǋ ȊȍǽǀƲǀǡǱǡȗΘ ȗǞƲȗ Ʋ ǞƲȍǇ ȐǁƲȗȗǋȍǡǷǘ ǡǷȗǋȍƲǁȗǡǽǷ ǽǁǁȚȍȐ ǀǋȗΒǋǋǷ ǡǷǇǡΑǡǇȚƲǱ ȌȚƲȍǯȐ ǽȍ ǘǱȚǽǷȐ

ΒǡȗǞǡǷ ǁǽǱǱǡǇǡǷǘ ȊȍǽȗǽǷȐ ǡȐ ǇǋȗǋȍǶǡǷǋǇ ǀΘ ȗǞǋ ǶƲǘǷǡȗȚǇǋ ǽǗ ǡȗȐ ƲȐȐǽǁǡƲȗǋǇ ǁȍǽȐȐ ȐǋǁȗǡǽǷल bǞǡȐ ǁƲǷ

ǀǋ ǁƲǱǁȚǱƲȗǋǇ ǡǷǁǱȚȐǡΑǋǱΘ ƲǷǇ ǇǡϥǋȍǋǷȗǡƲǱǱΘ ƲȐ Ʋ ǗȚǷǁȗǡǽǷ ǽǗ ȐǽǶǋ ϮǷƲǱ ȐȗƲȗǋ ǯǡǷǋǶƲȗǡǁȐल bǞǋ ǘǋǷǋȍƲǱ

ǋΗȊȍǋȐȐǡǽǷ Ǘǽȍ Ʋ 2 → N ȐǁƲȗȗǋȍǡǷǘ ǁȍǽȐȐ ȐǋǁȗǡǽǷ ǽǗ ǡǷǡȗǡƲǱ ȐȗƲȗǋ ȊƲȍȗǡǁǱǋȐ ab ǡȐ ǘǡΑǋǷ ǀΘ

σab→N =

∫

VN

dΦN

∣∣∣∣∣

∞∑

n=0

Mn(ΦN ;µR)

∣∣∣∣∣

2

ΒǞǋȍǋ dΦN ≡
N∏

ϮǷƲǱ ȐȗƲȗǋȐ j

1

(2Ea)(2Eb)|%va − %vb|
d3pj
(2π)3

1

2Epj
(2π)4δ4(Σp)

ॠࣆलࣂॡ

,ǋȍǋळ ȗǞǋ ǶƲȗȍǡΗ ǋǱǋǶǋǷȗ ॠǡलǋल ȐǁƲȗȗǋȍǡǷǘ ƲǶȊǱǡȗȚǇǋॡMab→N ǡȐ ΒȍǡȗȗǋǷ ƲȐ Ʋ ȊǋȍȗȚȍǀƲȗǡΑǋ ǋΗȊƲǷȐǡǽǷळ

ΒǞǋȍǋMn ∝ αn ƲǷǇ α ǡȐ Ʋ ǘǋǷǋȍǡǁ ǁǽȚȊǱǡǷǘ ǁǽǷȐȗƲǷȗ α < 1ल bǞǋ ǶƲȗȍǡΗ ǋǱǋǶǋǷȗ ǡȐ ƲȊȊȍǽΗǡǶƲȗǋǇ

ǀΘ ȗǞǋ ϮΗǋǇ ǽȍǇǋȍ ǁƲǱǁȚǱƲȗǡǽǷ ƲǁǞǡǋΑǋǇ ǀΘ ȗȍȚǷǁƲȗǡǷǘ ȗǞǋ ȐȚǶǶƲȗǡǽǷल bǞǋ ϮΗǋǇ ǽȍǇǋȍ ǁƲǱǁȚǱƲȗǡǽǷ

ǶȚȐȗ ǀǋ ȍǋǷǽȍǶƲǱǡΝǋǇ ȗǞȍǽȚǘǞ ȗǞǋ ǡǷȗȍǽǇȚǁȗǡǽǷ ǽǗ Ʋ ǷǽǷॺȊǞΘȐǡǁƲǱ ȐǁƲǱǋ µRळ ΒǞǡǁǞ ǡȐ ǷǽȍǶƲǱǱΘ ϮΗǋǇ

ȗǽ ȐǽǶǋ ǋǷǋȍǘΘ ȐǁƲǱǋ ȍǋǱǋΑƲǷȗ ȗǽ ȗǞǋ ȊȍǽǁǋȐȐ Ʋȗ ǞƲǷǇ ॠǋलǘल µR = MZ Ǘǽȍ qq̄ → Z → e+e−ॡल

sǞǡǱǋ ȗǞǋ ƲǶȊǱǡȗȚǇǋM ǁƲǱǁȚǱƲȗǋǇ ȗǽ ƲǱǱ ǽȍǇǋȍȐ ǡǷ ȊǋȍȗȚȍǀƲȗǡǽǷ ȗǞǋǽȍΘ ȐǞǽȚǱǇ Ƿǽȗ ǇǋȊǋǷǇ ǽǷ µRळ

ࣂࣇ



ȗǞǋ ϮΗǋǇॺǽȍǇǋȍ ǁƲǱǁȚǱƲȗǡǽǷ ǶƲΘ ȍǋȗƲǡǷ Ʋ ǇǋȊǋǷǇǋǷǁǋल bǞǋǽȍǋȗǡǁƲǱ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ǽǷ ȗǞǋ ϮΗǋǇ ǽȍǇǋȍ

ǁƲǱǁȚǱƲȗǡǽǷ Ʋȍǋ ǋȐȗǡǶƲȗǋǇ ǀΘ ΑƲȍΘǡǷǘ µR ǗȍǽǶ ȐǽǶǋ ǷǽǶǡǷƲǱ ΑƲǱȚǋल bǞǋ ǡǷǁǱȚȐǡΑǋ ǁȍǽȐȐ ȐǋǁȗǡǽǷ Ǘǽȍ

ȗǞǋ ȊȍǽǁǋȐȐ ab → X ǁƲǷ ǀǋ ǽǀȗƲǡǷǋǇ ȗǞȍǽȚǘǞ Ʋ ȐȚǶǶƲȗǡǽǷ ǽΑǋȍ ƲǱǱ ȊǽȐȐǡǀǱǋ ϮǷƲǱ ȐȗƲȗǋȐल

bǞǋ ǡǷȗǋǘȍƲȗǡǽǷ ǡǷ �ȌȚƲȗǡǽǷ ࣂलࣆ ǡȐ Ƿǽȗ ȗȍǡΑǡƲǱळ ƲȐ ȗǞǋ 3N ॺǇǡǶǋǷȐǡǽǷƲǱ ǡǷȗǋǘȍƲǱ ǡȐ ǡǶȊǽȐȐǡǀǱǋ ȗǽ

ȊǋȍǗǽȍǶ ƲǷƲǱΘȗǡǁƲǱǱΘ Ǘǽȍ ǶǽȐȗ ȊȍǽǁǋȐȐǋȐ ǽǗ ǡǷȗǋȍǋȐȗ Ʋȗ ȗǞǋ =,�ल /ȗ ǡȐ Ǟǋȍǋ ȗǞƲȗ Βǋ ǋǷǁǽȚǷȗǋȍ ȗǞǋ ϮȍȐȗ

ȚȐǋ ǽǗ B� ȗǋǁǞǷǡȌȚǋȐल bǞǋ ǗǽȍǶ ǽǗ �ȌȚƲȗǡǽǷ ࣂलࣆ ǁƲǷ ǀǋ ǡǇǋǷȗǡϮǋǇ ΒǡȗǞ I[f ] =
∫
V dnxf(x)ल

bǞǡȐ ǋΗȊȍǋȐȐǡǽǷ ǡȐ ȗǞǋ ǇǋϮǷǡȗǡǽǷ ǽǗ ȗǞǋ ƲΑǋȍƲǘǋ ǽΑǋȍ V ƲǷǇ ǁƲǷ ǀǋ ǋȐȗǡǶƲȗǋǇ ΒǡȗǞ ȗǞǋ ȐƲǶȊǱǋ ǶǋƲǷ

f̄N ≡ 1
N

∑N
i=1 f(xi)ळ ΒǡȗǞN ȊǽǡǷȗȐ ȍƲǷǇǽǶǱΘ ȐƲǶȊǱǋǇ ǽΑǋȍ V ल �Θ ȗǞǋ ǁǋǷȗȍƲǱ ǱǡǶǡȗ ȗǞǋǽȍǋǶळ ȗǞǡȐ

ǋȐȗǡǶƲȗǽȍ ǞƲȐ ΑƲȍǡƲǷǁǋ ǡǷΑǋȍȐǋǱΘ ȊȍǽȊǽȍȗǡǽǷƲǱ ȗǽN ऴ

qƲȍ(f̄N ) =

√
qƲȍ(f)
N − 1

.

bǞǡȐ ǶǋȗǞǽǇ ǡȐ ȊǽΒǋȍǗȚǱ ƲȐ ǡȗ ǇǽǋȐ Ƿǽȗ ȐȚϥǋȍ ȗǞǋ ǁȚȍȐǋ ǽǗ ǇǡǶǋǷȐǡǽǷƲǱǡȗΘळ ƲȐ ȗǞǋ ƲǁǁȚȍƲǁΘ ǽǗ ȗǞǋ ǋȐȗǡॺ

ǶƲȗǡǽǷ ǁƲǷ ǀǋ ǶƲǇǋ ƲȍǀǡȗȍƲȍǡǱΘ ȊȍǋǁǡȐǋ ǀΘ ǡǷǁȍǋƲȐǡǷǘ ȗǞǋ ȐƲǶȊǱǋ ȐǡΝǋल

bǞǋ ȐƲǶȊǱǋ ȐǡΝǋ ȍǋȌȚǡȍǋǇ ȗǽ ȍǋƲǁǞ Ʋ ϮΗǋǇ ǋȍȍǽȍE[ḡN ] < E0 ǁƲǷ ǀǋ ǇǋǁȍǋƲȐǋǇ ǀΘ ǋϥǋǁȗǡΑǋǱΘ

ǇǋǁȍǋƲȐǡǷǘ ȗǞǋ ǷȚǶǋȍƲȗǽȍ qƲȍ(f) ȗǞȍǽȚǘǞ ȗǞǋ ǶǋȗǞǽǇ ǽǗ ǡǶȊǽȍȗƲǷǁǋ ȐƲǶȊǱǡǷǘल /ǷȐȗǋƲǇ ǽǗ ȐƲǶȊǱǡǷǘ

N ȊǽǡǷȗȐ {xi} ∈ V ȚǷǡǗǽȍǶǱΘळ Ʋ ǁǽǽȍǇǡǷƲȗǋ ȗȍƲǷȐǗǽȍǶƲȗǡǽǷ ǁƲǷ ǀǋ ǶƲǇǋ ǀΘ ǶƲȊȊǡǷǘ x → y(x)

ΒǡȗǞ :ƲǁǽǀǡƲǷ
∣∣∣∂y∂x
∣∣∣ = g(x)ल bǞǋ ǡǷȗǋǘȍƲǱ ǽǗ ǡǷȗǋȍǋȐȗ ǁƲǷ ǷǽΒ ǀǋ ΒȍǡȗȗǋǷ ƲȐ I[f ] =

∫
V ′ dnxh(x)ळ

ΒǞǋȍǋ h(x) = f(x)/g(x)ल /Ǘ ȗǞǋ ǁǽǽȍǇǡǷƲȗǋ ǶƲȊ ǡȐ ǁǞǽȐǋǷ ȐȚǁǞ ȗǞƲȗ qƲȍ(h) < qƲȍ(f)ळ ȗǞǋǷ ȗǞǋ

B� ƲȊȊȍǽΗǡǶƲȗǡǽǷ ǁǽǷΑǋȍǘǋȐ Ƕǽȍǋ ȍƲȊǡǇǱΘ ΒǡȗǞ ƲǇǇǡȗǡǽǷƲǱ ȐƲǶȊǱǋȐल bǞǋ ǶǋȗǞǽǇ ǽǗ ǡǶȊǽȍȗƲǷǁǋ

ȐƲǶȊǱǡǷǘ ǁƲǷ ǀǋ ȗǞǽȚǘǞȗ ǽǗ ƲȐ ȐǡǶȊǱΘ ȐǶǽǽȗǞǡǷǘ ǽȚȗ ȗǞǋ ǗȚǷǁȗǡǽǷ f ǽΑǋȍ ǡȗȐ ǇǽǶƲǡǷ Ȑǽ ȗǞƲȗ ǇǋǷȐǋȍ

ȍǋǘǡǽǷȐ ǽǗ x Ʋȍǋ ǇǡȐȊǋȍȐǋǇ ǡǷȗǽ ǱǋȐȐ ǇǋǷȐǋ ȍǋǘǡǽǷȐल

ࣃࣇ



/Ƿ ȊȍƲǁȗǡǁǋळ ǽǷǋ ΒǽȚǱǇ Ǳǡǯǋ ȗǽ ǘǋǷǋȍƲȗǋ ǋΑǋǷȗȐ ȐƲǶȊǱǋǇ ǗȍǽǶ ȗǞǋ ȊǞƲȐǋ ȐȊƲǁǋ V ƲǁǁǽȍǇǡǷǘ ȗǽ Ȋȍǽǀॺ

ƲǀǡǱǡȗΘ f(x) ȍƲȗǞǋȍ ȗǞƲǷ ǽǷǱΘ ǁƲǱǁȚǱƲȗǋ ǁȍǽȐȐ ȐǋǁȗǡǽǷȐ ƲȐ ƲǀǽΑǋल bǞǋ ȐǡǶȊǱǋȐȗ ǶǋȗǞǽǇ Ǘǽȍ ǇǽǡǷǘ Ȑǽ ǡȐ

ǇȚǀǀǋǇ ȗǞǋ উǞǡȗॺǽȍॺǶǡȐȐঊ ǶǋȗǞǽǇ ƲǷǇ ȊȍǽǁǋǋǇȐ ƲȐ ǗǽǱǱǽΒȐऴ

लࣂ Uǡǁǯ Ʋ ǁǽǷȐȗƲǷȗ ΑƲǱȚǋ fmax ≥ maxx∈V f(x)

लࣃ Uǡǁǯ Ʋ ȊǽǡǷȗ x ǡǷ V ƲǷǇ Ʋ ॠȊȐǋȚǇǽॺॡȍƲǷǇǽǶ ǷȚǶǀǋȍR ∈ [0, 1]

लࣄ /ǗRfmax ≤ f(x)ळ ƲǁǁǋȊȗ ȗǞǋ ǋΑǋǷȗळ ǽȗǞǋȍΒǡȐǋ ȍǋǬǋǁȗ ǡȗल XǋȊǋƲȗ ǗȍǽǶ ࣃ ȚǷȗǡǱ ȗǞǋ ǇǋȐǡȍǋǇ
ȐƲǶȊǱǋ ȐǡΝǋ ǡȐ ǽǀȗƲǡǷǋǇ

bǞǡȐ ȊȍǽǁǋȐȐ ǶƲΘ ǞƲΑǋ Ʋ ǱǽΒ ǘǋǷǋȍƲȗǡǽǷ ǋϨǁǡǋǷǁΘ ƲǷǇ ȗǞǋȍǋǗǽȍǋ ȐǱǽΒǋȍ ǘǋǷǋȍƲȗǡǽǷ ȐȊǋǋǇळ Ȑǽ ǡǷॺ

ȐȗǋƲǇ ǽǷǋ ǁƲǷ ȐƲΑǋ ƲǱǱ ǋΑǋǷȗȐ ƲǷǇ ƲǷ ƲȐȐǽǁǡƲȗǋǇ ΒǋǡǘǞȗ ǘǡΑǋǷ ǀΘ f(x)ल

�Ǘȗǋȍ ǷǋƲȍǱΘ ࣆࣂ ΘǋƲȍȐ ǽǗ =,� ǽȊǋȍƲȗǡǽǷ ƲǷǇ ǇǋǁƲǇǋȐ ǽǗ ǇǋΑǋǱǽȊǶǋǷȗ ǡǷ ƲȐȊǋǁȗȐ ǽǗ ȗǞǋǽȍǋȗǡǁƲǱ

ǁǽǶȊȚȗƲȗǡǽǷळ ȗǞǋȍǋ ǋΗǡȐȗ ȐǋΑǋȍƲǱ ǘǋǷǋȍƲǱॺȊȚȍȊǽȐǋ B� ǋΑǋǷȗ ǘǋǷǋȍƲȗǽȍȐ ȗǞƲȗ ǁƲǷ ƲȚȗǽǶƲȗǡǁƲǱǱΘ ǘǋǷॺ

ǋȍƲȗǋ $ǋΘǷǶƲǷ ǇǡƲǘȍƲǶȐ ƲǷǇ ǁǽǶȊȚȗǋ ǡǷȗǋǘȍƲǱȐ Ǘǽȍ ƲȍǀǡȗȍƲȍΘ ȊȍǽǁǋȐȐǋȐ ȚȊ ȗǽ ǷǋΗȗॺȗǽॺǱǋƲǇǡǷǘ ǽȍǇǋȍ

ॠC=Hॡ ǽȍ ǋΑǋǷ CC=H ȊȍǋǁǡȐǡǽǷल �ǽǶǶǽǷǱΘ ȚȐǋǇ ǘǋǷǋȍƲȗǽȍȐ ΒǡǱǱ ǀǋ ǇǡȐǁȚȐȐǋǇ ǡǷ [ǋǁȗǡǽǷ लࣅलࣆ

ࣃঢࣆ [ӐҩӪ W�� $҇ҕӪӐӟҲԂ҇ӪҲӐӉ

bǞǋ ƲǀǽΑǋ ǇǡȐǁȚȐȐǡǽǷ ǽǗ ȊƲȍȗǽǷǡǁ ǁȍǽȐȐ ȐǋǁȗǡǽǷȐ σ̂ab→X ǁƲǷ ǀǋ ǋΗȗǋǷǇǋǇ ȗǽ ǁȍǽȐȐ ȐǋǁȗǡǽǷȐ ǽǗ ȊȍǽȗǽǷ

ǁǽǱǱǡȐǡǽǷȐ σpp→X ǽǗ ǡǷȗǋȍǋȐȗ Ʋȗ ȗǞǋ =,� ȚȐǡǷǘ ȗǞǋ $ƲǁȗǽȍǡΝƲȗǡǽǷ bǞǋǽȍǋǶऴ

σpp→X =
∑

a,b

∫
dxadxb fa(xa;µ

2
F ) fb(xb;µF ) σ̂

2
ab→X(xapa, xbpb;µ

2
R, µ

2
F ) ॠࣆलࣃॡ

,ǋȍǋळ a ƲǷǇ b ǱƲǀǋǱ ȗǞǋ ȐǁƲȗȗǋȍǡǷǘ ȊƲȍȗǽǷȐ ǽǗ ȊȍǽȗǽǷȐ a ƲǷǇ bळ ȗǞǋ �ǬǽȍǯǋǷॺx ȊƲȍƲǶǋȗǋȍȐ xa,b Ǉǋȗǋȍॺ

ǶǡǷǋ ȗǞǋ ǗȍƲǁȗǡǽǷ ǽǗ ȗǞǋ ȊȍǽȗǽǷ ǶǽǶǋǷȗȚǶ pa,b ǡȐ ǁƲȍȍǡǋǇ ǀΘ ȗǞǋ ȍǋȐȊǋǁȗǡΑǋ ȊƲȍȗǽǷळ ƲǷǇ f(x;µ2
F ) ǡȐ

ȗǞǋ Ȑǋȗ ǽǗ ȚǷǡΑǋȍȐƲǱ ȊƲȍȗǽǷ ǇǡȐȗȍǡǀȚȗǡǽǷ ǗȚǷǁȗǡǽǷȐ ॠU�$ॡ ।ࣂࣉ॥ल bǞǋ ǗƲǁȗǽȍǡΝƲȗǡǽǷ ȐǁƲǱǋ µF ǡȐ Ʋ ǱƲȍǘǋ
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ǶǽǶǋǷȗȚǶ ȗȍƲǷȐǗǋȍ ȐǁƲǱǋ ȗǞƲȗ ǁǞƲȍƲǁȗǋȍǡΝǋȐ ȗǞǋ ǞƲȍǇ ȐǁƲȗȗǋȍǡǷǘ ǡǷȗǋȍƲǁȗǡǽǷल /ȗ ǁƲǷ ǀǋ ǡǷȗǋȍȊȍǋȗǋǇ ƲȐ

ȗǞǋ ǶǽǶǋǷȗȚǶ ȐǁƲǱǋ ȗǞƲȗ ȐǋȊƲȍƲȗǋȐ ȗǞǋ ǞƲȍǇ ȐǁƲȗȗǋȍǡǷǘ ȊȍǽǁǋȐȐळ ΒǞǡǁǞ ǡȐ ƲǁǁǽȚǷȗǋǇ Ǘǽȍ ǀΘ ȗǞǋ ȊƲȍॺ

ȗǽǷǡǁ ǁȍǽȐȐ ȐǋǁȗǡǽǷ σ̂ab→X ळ ƲǷǇ ȗǞǋ ǱǽΒॺǋǷǋȍǘΘ ǇΘǷƲǶǡǁȐ ǽǗ ȗǞǋ ȊȍǽȗǽǷळ ƲǁǁǽȚǷȗǋǇ Ǘǽȍ ǡǷ ȗǞǋ U�$Ȑल

=ǡǯǋ ȗǞǋ ȚǷȊǞΘȐǡǁƲǱ µRळ ȗǞǋȍǋ ǡȐ Ƿǽ ǇǋȊǋǷǇǋǷǁǋ ǽǷ µF ΒǞǋǷ �ȌȚƲȗǡǽǷ ࣃलࣆ ǡȐ ȊǋȍǗǽȍǶǋǇ ȗǽ ƲǱǱ ǽȍǇǋȍȐ

ǡǷ ȊǋȍȗȚȍǀƲȗǡǽǷ ȗǞǋǽȍΘल eǷǁǋȍȗƲǡǷȗǡǋȐ ǽǷ ϮΗǋǇॺǽȍǇǋȍ ǁƲǱǁȚǱƲȗǡǽǷȐ Ʋȍǋ ǽǀȗƲǡǷǋǇ ǀΘ ΑƲȍΘǡǷǘ µF ǗȍǽǶ

ǡȗȐ ǷǽǶǡǷƲǱǱΘ ǁǞǽȐǋǷ ΑƲǱȚǋल �ȌȚƲȗǡǽǷ ࣃलࣆ ǡȐ ȊǡǁȗǽȍǡƲǱǱΘ ȍǋȊȍǋȐǋǷȗǋǇ ǡǷ $ǡǘȚȍǋ लࣃलࣆ
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treatment of certain hadronic cross sections. Studies were extended to other “hard

scattering” processes, for example the production of hadrons and photons with large

transverse momentum, with equally successful results. Problems, however, appeared to

arise when perturbative corrections from real and virtual gluon emission were calculated.

Large logarithms from gluons emitted collinear with the incoming quarks appeared to

spoil the convergence of the perturbative expansion. It was subsequently realized that
these logarithms were the same as those that arise in deep inelastic scattering structure

function calculations, and could therefore be absorbed, via the DGLAP equations, in

the definition of the parton distributions, giving rise to logarithmic violations of scaling.

The key point was that all logarithms appearing in the Drell–Yan corrections could be

factored into renormalized parton distributions in this way, and factorization theorems

which showed that this was a general feature of hard scattering processes were derived [2].
Taking into account the leading logarithm corrections, (1) simply becomes:

σAB =
∫

dxadxb fa/A(xa, Q
2)fb/B(xb, Q

2) σ̂ab→X . (2)

corresponding to the structure depicted in Figure 1. The Q2 that appears in the

parton distribution functions (pdfs) is a large momentum scale that characterizes

the hard scattering, e.g. M2
l+l−, p2

T , ... . Changes to the Q2 scale of O(1), e.g.

Q2 = 2M2
l+l−, M2

l+l−/2 are equivalent in this leading logarithm approximation.

Figure 1. Diagrammatic structure of a generic hard scattering process.

The final step in the theoretical development was the recognition that the finite

corrections left behind after the logarithms had been factored were not universal and

had to be calculated separately for each process, giving rise to perturbative O(αn
S)

corrections to the leading logarithm cross section of (2). Schematically

σAB =
∫

dxadxb fa/A(xa, µ
2
F ) fb/B(xb, µ

2
F ) × [ σ̂0 + αS(µ2

R) σ̂1 + ... ]ab→X . (3)

Here µF is the factorization scale, which can be thought of as the scale that separates

the long- and short-distance physics, and µR is the renormalization scale for the QCD

running coupling. Formally, the cross section calculated to all orders in perturbation

)LJXUH ���� 'LDJUDP GHSLFWLQJ WKH IDFWRUL]DWLRQ WKHRUHP

bǞǋ ȊƲȍȗǽǷ ǇǡȐȗȍǡǀȚȗǡǽǷ ǗȚǷǁȗǡǽǷȐ ƲǀȐǽȍǀ ǇǡΑǋȍǘǋǷȗ ǱǽǘƲȍǡȗǞǶȐ ȗǞƲȗ ȍǋȐȚǱȗ ǡǷ ǷǽǷॺȊǋȍȗȚȍǀƲȗǡΑǋ

W�� ȊȍǽǁǋȐȐǋȐल bǞǋǡȍ ǗǽȍǶȐ Ʋȗ ΑƲȍǡǽȚȐQ2 Ʋȍǋ ȊȍǽΑǡǇǋǇ ǀΘ ǞƲǇȍǽǷ ǁǽǱǱǡǇǋȍ ƲǷǇ ǇǋǋȊ ǡǷǋǱƲȐȗǡǁ ȐǁƲȗॺ

ȗǋȍǡǷǘ ॠ�/[ॡ ǋΗȊǋȍǡǶǋǷȗȐ ȐȚǁǞ ƲȐ ~e�[ ƲǷǇ ࣂ, Ʋȗ ȗǞǋ ,�X� ep ǁǽǱǱǡǇǋȍ ।ࣃࣉ॥ल BǋƲȐȚȍǋǶǋǷȗȐ ǗȍǽǶ

,�X� ǞƲΑǋ ȊȍǽǀǋǇ f(x;Q2) ƲǁȍǽȐȐ ǶƲǷΘ ǽȍǇǋȍȐ ǽǗ ǶƲǘǷǡȗȚǇǋ ǡǷ ȗǞǋ (x,Q2) ȊǱƲǷǋळ ƲȐ ȐǞǽΒǷ ǡǷ

$ǡǘȚȍǋ लࣄलࣆ

bǞǋ ǡǷȗǋȍȊǽǱƲȗǡǽǷ ǀǋȗΒǋǋǷ ƲǷǇ ǋΗȗȍƲȊǽǱƲȗǡǽǷ ǀǋΘǽǷǇ ǶǋƲȐȚȍǋǶǋǷȗȐ ǡǷ ȗǞǋ (x,Q2) ȊǱƲǷǋ ǗǽǱǱǽΒ
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Figure 2. The parton kinematic plane. In (a), the approximate region of LHC sensitivity to
the PDFs is shown, along with the regions where pre-LHC measurements either constrain or are
expected to constrain them. In (b), the regions in which LHC, HERA and Tevatron constrain (or
can constrain) the gluon PDF are shown. The assumption is that jets below 100 GeV (60 GeV) at
LHC (Tevatron) cannot be used to get precise constraints. The diagonal lines show the rapidity
of the system with mass M at LHC, and the curves show the approximate corresponding pseudo-
rapidity for a Z boson produced at such a rapidity (see text). The HERA photoproduction region
is taken from [10].

that if the quark is measured in some x range, this will determine the gluon
distribution in a region of lower x. Deep inelastic scattering data provide little
effective constraint on the gluon for x ≥ 0.1 (see Fig. 2b), and there are signifi-
cant uncertainties even below this. This situation will not be improved by any
measurement of FL at HERA II [11]. Some information can be obtained from
jet data at the Tevatron, but the precision is not competitive with structure
function measurements. Furthermore, some of this data represents the highest
energy parton-parton collisions ever measured, and new physics possibilities
cannot be excluded. The net result is - the knowledge of the gluon density at
high and intermediate x is poor.

2. The LHC will have difficulty constraining the parton distributions at high x. At
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FIG. 2: Upper panels: The CT18 parton distribution functions at Q=2 GeV and Q=100 GeV for u, u, d, d, s = s,
and g. Lower panels: The analogous curves, but obtained for CT18Z. In all instances, the gluon PDF has been
scaled down as g(x,Q)/5. The charm distribution, c(x,Q), which is perturbatively generated by evolving from

Q0=1.3 and 1.4 GeV, respectively, in CT18 and CT18Z, is also shown.

2. Combined HERA I+II DIS data and the xB-dependent factorization scale

Even in the LHC era, DIS data from the ep collider HERA provide the dominant constraints on the CT18 PDFs.
This dominance is revealed by independently applying the ePump, PDFSense, and Lagrange Multiplier methods. CT18
implements the final (“combined”) data set from DIS at HERA Run-I and Run-II [29] that supersedes the HERA
Run-I only data set [30] used in CT14 [1]. A transitional PDF set, CT14HERAII, was released based on fitting the final
HERA data [31]. We found fair overall agreement of the HERA I+II data with both CT14 and CT14HERAII PDFs,
and that both PDF ensembles describe equally well the non-HERA data included in our global analysis. At the same
time, we observed some disagreement (“statistical tension”) between the e+p and e�p DIS cross sections of the HERA
I+II data set. We determined that, at the moment, no plausible explanation could be provided to describe the full
pattern of these tensions, as they are distributed across the whole accessible range of Bjorken x and lepton-proton
momentum transfer Q at HERA. Extending these studies using the CT18 fit, we have investigated the impact of the
choice of QCD scales on inclusive DIS data in the small-xB region, as will be explained later in Sec. II C.
We find that the quality of fit to HERA data is improved by about 50 units by evaluating the NNLO theoretical

cross sections in DIS with a special factorization scale, µF,x, that depends on Bjorken xB (not the momentum fraction
x) and is introduced in Section IIC. Fig. 3 (left) shows the changes in the candidate CT18 PDFs obtained by fitting
the DIS data sets with the factorization scale µF,x, as compared to the CT18 PDFs with the nominal scale µF = Q.
With the scale µF,x, we observe reduced u and d (anti-)quark PDFs and increased gluon and strangeness PDFs at
x < 10�2, as compared to the nominal CT18 fit, with some compensating changes occurring in the same PDFs in the
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ΑǡȍȗȚƲǱǡȗΘ ti ∼ 1%ǋq

bǞǋ [ȚǇƲǯǽΑ ǗƲǁȗǽȍ ƲǁǁǽȚǷȗȐ Ǘǽȍ ǱƲȍǘǋ ǱǽǘƲȍǡȗǞǶȐ ǁǞƲȍƲǁȗǋȍǡȐȗǡǁ ǽǗ W�� ǇǡΑǋȍǘǋǷǁǋȐळ Ȑǽ ȗǞǋ ȊƲȍॺ

ȗǽǷ ȐǞǽΒǋȍ ॠU[ॡ ǡȐ ȍǋǱǡƲǀǱǋ Ǘǽȍ ȊȍǋǇǡǁȗǡǽǷȐ ǽǗ ǁǽǱǱǡǷǋƲȍ ȍƲǇǡƲȗǡǽǷल /ȗ ǡȐ ǡǱǱॺȐȚǡȗǋǇ Ǘǽȍ ǞƲȍǇ ƲǷǇ ΒǡǇǋॺ

ƲǷǘǱǋ ǋǶǡȐȐǡǽǷȐळ ΒǞǡǁǞ ȐǞǽȚǱǇ ǀǋ ǡǷǁǱȚǇǋǇ ǡǷ ȗǞǋ ǶƲȗȍǡΗ ǋǱǋǶǋǷȗ ॠB�ॡ ǁƲǱǁȚǱƲȗǡǽǷल BƲȗǁǞǡǷǘ ƲǷǇ

ǶǋȍǘǡǷǘ ȐǁǞǋǶǋȐ Ʋȍǋ ǇǋϮǷǋǇ ǡǷ ǽȍǇǋȍ ȗǽ ǁǽǶǀǡǷǋ ȗǞǋ ȊȍǋǇǡǁȗǡǽǷȐ ǽǗ ǶƲȗȍǡΗ ǋǱǋǶǋǷȗ ƲǷǇ ȊƲȍȗǽǷ

ࣉࣇ



ȐǞǽΒǋȍȐ ॠB�ਭU[ॡ ΒǡȗǞǽȚȗ ǇǽȚǀǱǋॺǁǽȚǷȗǡǷǘMX+l ƲǶȊǱǡȗȚǇǋȐल [ȊǋǁǡϮǁƲǱǱΘळ ǶƲȗǁǞǡǷǘ ǡȐ Ʋ Ȋȍǽǁǋॺ

ǇȚȍǋ ȗǽ ǁǽǶǀǡǷǋB� ƲǷǇ U[ ǁƲǱǁȚǱƲȗǡǽǷȐ ǗǽȍM(n)
X+0 ƲǶȊǱǡȗȚǇǋȐळ ΒǞǡǱǋ ǶǋȍǘǡǷǘ ǡȐ Ʋ ȊȍǽǁǋǇȚȍǋ ȗǽ

ǁǽǶǀǡǷǋ ǶȚǱȗǡॺǱǋǘ C=HB� ƲǷǇ U[ ǁƲǱǁȚǱƲȗǡǽǷȐ ǗǽȍM(n)
X+1,2 ƲǶȊǱǡȗȚǇǋȐल

�Ǘȗǋȍ ȗǞǋ ȊƲȍȗǽǷ ȐǞǽΒǋȍ ǞƲȐ ǋΑǽǱΑǋǇ ȗǞǋ ǋΑǋǷȗ ȗǽ ǷǋƲȍΛQCDळ ǁǽǱǽȍॺǁǞƲȍǘǋǇ ȊƲȍȗǡǁǱǋȐ Ʋȍǋ ȗȍƲǷȐॺ

ǗǽȍǶǋǇ ǡǷȗǽ ǁǽǱǽȍ ȐǡǷǘǱǋȗ ǞƲǇȍǽǷȐल ,ƲǇȍǽǷǡΝƲȗǡǽǷ ƲǱǘǽȍǡȗǞǶȐ Ʋȍǋ Ƿǽȗ ȐȚȊȊǽȍȗǋǇ ǀΘ ȗǞǋ ȐƲǶǋ ȗǞǋǽॺ

ȍǋȗǡǁƲǱ ȚǷǇǋȍȊǡǷǷǡǷǘȐ ƲȐ ȊƲȍȗǽǷ ȐǞǽΒǋȍȐ ǀǋǁƲȚȐǋ ǽǗ ȗǞǋ ǷǽǷॺȊǋȍȗȚȍǀƲȗǡΑǡȗΘ ǽǗ W�� ǡǷ ȗǞǡȐ ȍǋǘǡǶǋल

$ǡǘȚȍǋ ࣇलࣆ ǡǱǱȚȐȗȍƲȗǋȐ ȗǞǋ ȗΒǽ ǁǱƲȐȐǋȐ ǽǗ ȊǞǋǷǽǶǋǷǽǱǽǘǡǁƲǱ ǶǽǇǋǱȐ Ǘǽȍ ǞƲǇȍǽǷǡΝƲȗǡǽǷऴ

़ bǞǋ ǁǱȚȐȗǋȍ ǶǽǇǋǱळ ΒǞǋȍǋ ȗǞǋ ǁǋǷȗȍƲǱ ǽǀǬǋǁȗȐ Ʋȍǋ ǁǱȚȐȗǋȍȐ ǽǗ ȌȚƲȍǯȐल bǞǡȐ ǡȐ ǶǽȗǡΑƲȗǋǇ ǀΘ
ǁǽǷȐǡǇǋȍǡǷǘ Ʋ ǞƲǇȍǽǷ ƲȐ Ʋ ǁǱȚȐȗǋȍ ǽǗ ǀǽȚǷǇ ȌȚƲȍǯȐ ॠǋलǘल π+ ƲȐ ud̄ॡ

़ bǞǋ =ȚǷǇ ȐȗȍǡǷǘ ǶǽǇǋǱळ ΒǞǋȍǋ ȗǞǋ ǁǋǷȗȍƲǱ ǽǀǬǋǁȗȐ Ʋȍǋ ȐȗȍǡǷǘȐ ȗǞƲȗ ǁǽǷǷǋǁȗ ǀǽȚǷǇ ȐȗƲȗǋȐ ǽǗ
ȌȚƲȍǯȐल bǞǡȐ ǡȐ ǶǽȗǡΑƲȗǋǇ ǀΘ ΑǡȍȗȚƲǱ ǘǱȚǽǷ ϱȚΗ ȗȚǀǋȐ ǽǗ ǁǽǷȐȗƲǷȗ ǋǷǋȍǘΘ ǇǋǷȐǡȗΘ ȗǞƲȗ ǗǽȍǶ
ǀǋȗΒǋǋǷ ȌȚƲȍǯȐल

Figure 2: Cluster and string hadronization models.

3.2 Specific models

The above general ideas do not try to describe the mechanism of hadron formation.
For this we must so far resort to models. The main current models are cluster and
string hadronization. We describe briefly the versions used in the HERWIG and
JETSET event generators, respectively.

• Cluster model [22]-[26]. The model starts by splitting gluons non-perturbatively,
g → qq, after the parton shower. Colour-singlet qq combinations have lower
masses and a universal spectrum due to the preconfinement [27, 28] property of
the shower (fig. 3 [29]). These colour-singlet combinations are assumed to form
clusters, which mostly undergo simple isotropic decay into pairs of hadrons, cho-
sen according to the density of states with appropriate quantum numbers [23].
This model has few parameters and a natural mechanism for generating trans-
verse momenta and suppressing heavy particle production in hadronization.
However, it has problems in dealing with the decay of very massive clusters,
and in adequately suppressing baryon and heavy quark production.

• String model [30]-[34]. This model is based on the dynamics of a relativistic
string, representing the colour flux stretched between the initial qq. The string
produces a linear confinement potential and an area law for matrix elements:

|M(qq → h1 · · ·hn)|2 ∝ e−bA

where A is the space-time area swept out (fig. 4). The string breaks up into
hadrons via qq pair production in its intense colour field. Gluons produced in the
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ࣅঢࣆ BӐӉӪҟ �҇ӟӂӐ �ӂҪӐӟҲӪүӈӣ

bǞǋȍǋ Ʋȍǋ ȐǋΑǋȍƲǱ ǘǋǷǋȍƲǱ ȊȚȍȊǽȐǋ B� ǘǋǷǋȍƲȗǽȍȐ ƲΑƲǡǱƲǀǱǋल bǞǋ ȍǋǱǋΑƲǷȗ B� ǘǋǷǋȍƲȗǽȍȐ Ǘǽȍ ȗǞǋ ƲǷƲǱΘॺ

ȐǡȐ ȊȍǋȐǋǷȗǋǇ ǡǷ ȗǞǡȐ ȗǞǋȐǡȐ Ʋȍǋ UӐӻүҟҪচ�Ӑӽ ƲǷǇB%ࣆ঱҇B�૦C=H ल

UӐӻүҟҪচ�Ӑӽ ǡȐ Ʋ ȊƲȍȗǽǷॺǱǋΑǋǱ B� ǘǋǷǋȍƲȗǽȍ ȗǞƲȗ ǁǽǶȊȚȗǋȐ ƲǶȊǱǡȗȚǇǋȐ ȗǽ C=H ȊȍǋǁǡȐǡǽǷ ॠȚȊ

ȗǽ ǽǷǋ ǱǽǽȊॡ ।࣊ࣉ॥ल /ȗ ȚȐǋȐ ȗǞǋ UӐӻүҟҪǶǋȗǞǽǇळ ǡǷ ΒǞǡǁǞ ȗǞǋ ǞƲȍǇǋȐȗ ǋǶǡȐȐǡǽǷ ǡǷ ȗǞǋ ȊƲȍȗǽǷ ȐǞǽΒǋȍ

ǡȐ ȍǋȊǱƲǁǋǇ ΒǡȗǞ ǡȗȐ ǽΒǷC=H ƲǁǁȚȍƲȗǋ ǋǶǡȐȐǡǽǷळ ƲǱǱǽΒǡǷǘ ȗǞǋ UӐӻүҟҪচ�Ӑӽ ǽȚȗȊȚȗ ȗǽ ǀǋ ǋƲȐǡǱΘ

ǡǷǗǋȍǗƲǁǋǇ ǡǷȗǽ pT ॺǽȍǇǋȍǋǇ ȊƲȍȗǽǷ ȐǞǽΒǋȍ ƲǱǘǽȍǡȗǞǶȐ ।࣊ࣁळ ॥लࣂ࣊ UӐӻүҟҪ ǘǋǷǋȍƲȗǽȍȐ ǞƲΑǋ ȗǞǋ ƲǇΑƲǷॺ

ȗƲǘǋ ǽǗ ȊȍǽǇȚǁǡǷǘ ǋΑǋǷȗȐ ΒǡȗǞ ΑǋȍΘ ǱǽΒ ȍƲȗǋȐ ǽǗ ǷǋǘƲȗǡΑǋ ǋΑǋǷȗ ΒǋǡǘǞȗȐ ॠǗǋΒ ȊǋȍǁǋǷȗ Ǘǽȍ UӐӻүҟҪচ

�Ӑӽ ळ ǀȚȗ ǁƲǷ ǀΘ ƲȐ ǱƲȍǘǋ ƲȐ ੆ࣁࣄ ǡǷ ǘǋǷǋȍƲȗǽȍȐ ȐȚǁǞ ƲȐ [үҟӟӜ҇ ॡल

B%ࣆ঱҇B�૦C=H ǡȐ ƲǷǽȗǞǋȍ C=HB� ǘǋǷǋȍƲȗǽȍ ȗǞƲȗ ȚȐǋȐ ȗǞǋ B҇қ=ӐӐӜ ǶǽǇȚǱǋ ǽǗ B҇қচ

%ӟ҇Ӝү ȗǽ ƲȚȗǽǶƲȗǡǁƲǱǱΘ ǁǽǶȊȚȗǋ ǇǡƲǘȍƲǶȐ ȚȊ ȗǽ ࣂ ǱǽǽȊ ƲǁǁȚȍƲǁΘ ।࣊ࣃ॥ल /ȗ ȍǋǱǡǋȐ ǽǷ ȗǞǋ B�ટC=H

ǶǋȗǞǽǇ ȗǽ ȊǋȍǗǽȍǶC=HਭU[ ǶƲȗǁǞǡǷǘ ।࣊ࣄ॥ल bǞǡȐ ǞƲȐ ȍǋǁǋǷȗǱΘ ǀǋǋǷ ǋΗȗǋǷǇǋǇ ȗǽ ƲǱǱǽΒB�ਭU[

ǶȚǱȗǡॺǱǋǘ ǶǋȍǘǡǷǘ Ǘǽȍ ǋΑǋǷȗȐ ΒǡȗǞ ǽǷǋ ȍǋƲǱ ǋǶǡȐȐǡǽǷ Ʋȗ C=H ॠ$Η$Η ǶǋȍǘǡǷǘॡ ।࣊ࣅ॥ल bǞǋ $Η$Η ǶȚǱȗǡॺ

Ǳǋǘ ǶǋȍǘǡǷǘ ǞƲȐ ǀǋǋǷ ȍǋǁǋǷȗǱΘ ǶƲǇǋ ȊǽȐȐǡǀǱǋ Ǘǽȍ tt̄W ȊȍǽǇȚǁȗǡǽǷ ।࣊ࣆ॥ल [ȊǡǷ ǁǽȍȍǋǱƲȗǡǽǷȐ ƲǶǽǷǘ

ǞǋƲΑΘ ȍǋȐǽǷƲǷǁǋȐ ॠǋलǘल tt̄ॡ Ʋȍǋ ǞƲǷǇǱǋǇ ǀΘ B҇қ[ӜҲӉ ।࣊ࣇ॥ल

�ΑǋǷȗȐ ǘǋǷǋȍƲȗǋǇ ǀΘ UӐӻүҟҪচ�Ӑӽ ƲǷǇB%ࣆ঱҇B�૦C=H ǁƲǷ ȐȚǀȐǋȌȚǋǷȗǱΘ ǀǋ ȐǞǽΒǋȍǋǇ ǀΘ

UӾӪүҲ҇ ƲǷǇ ,ҟӟӻҲҪ ळ ΒǞǡǁǞ Ʋȍǋ ȗǞǋǶȐǋǱΑǋȐ Ƕǽȍǋ ǘǋǷǋȍƲǱ ȊȚȍȊǽȐǋ B� ƲǷǇ U[ ƲǱǘǽȍǡȗǞǶȐ ।࣊ࣈळ ॥लࣉ࣊

UӾӪүҲ҇ ǗǋƲȗȚȍǋȐ ǶǽǶǋǷȗȚǶॺǽȍǇǋȍǋǇ ȊƲȍȗǽǷ ȐǞǽΒǋȍȐ ƲǷǇ ȚȐǋȐ ȗǞǋ ȐȗȍǡǷǘ ǞƲǇȍǽǷǡΝƲȗǡǽǷ ǶǽǇǋǱळ

ΒǞǡǱǋ ,ҟӟӻҲҪ ǗǋƲȗȚȍǋȐ ƲǷǘȚǱƲȍॺǽȍǇǋȍǋǇ ȊƲȍȗǽǷ ȐǞǽΒǋȍȐ ǡǷǁǱȚǇǡǷǘ ǁǽǱǽȍॺǁǽǞǋȍǋǷǁǋ ǋϥǋǁȗȐ ƲǷǇ ȚȐǋȐ

ȗǞǋ ǁǱȚȐȗǋȍ ǞƲǇȍǽǷǡΝƲȗǡǽǷ ǶǽǇǋǱल �ǽȗǞ ƲǱǘǽȍǡȗǞǶȐ ǁƲǷ ǀǋ ǡǷȗǋȍǗƲǁǋǇ ΒǡȗǞ ȗǞǋ �ӺӪ%ҟӉ ǘǋǷǋȍƲȗǽȍ

ȗǞƲȗ ȐǡǶȚǱƲȗǋȐ ȗǞǋ ǇǋǁƲΘȐ ǽǗ ǞǋƲΑΘ ϱƲΑǽȍ ǞƲǇȍǽǷȐळ ΒǞǡǁǞ ǁƲǷ ȚǷǇǋȍǘǽ CP ΑǡǽǱƲȗǡǷǘ ǇǋǁƲΘȐळ ȗƲǯǡǷǘ

ࣁࣈ



ǡǷȗǽ ƲǁǁǽȚǷȗ ƲǷǘȚǱƲȍ ƲǷǇ ȗǡǶǋॺǇǋȊǋǷǇǋǷȗ ǁǽȍȍǋǱƲȗǡǽǷȐ ȗǞȍǽȚǘǞ ȗǞǋ ǗȚǱǱ ǇǋǁƲΘ ǁǞƲǡǷ ।࣊࣊॥ल

=ƲȐȗ ǀȚȗ Ƿǽȗ ǱǋƲȐȗ ǡȐ ȗǞǋ [үҟӟӜ҇ ǘǋǷǋȍƲȗǽȍळ ǁƲȊƲǀǱǋ ǽǗ =HूC=HB�ਭU[ ǶƲȗǁǞǡǷǘ ƲǷǇ ǶǋȍǘǡǷǘ

।ࣁࣁࣂ॥ल /ȗ ȍǋǱǡǋȐ ǽǷ ǡǷȗǋȍǗƲǁǋȐ ΒǡȗǞ ǽǷǋॺǱǽǽȊ ȊȍǽΑǡǇǋȍȐ ȐȚǁǞ ƲȐ HӜҟӉ=ӐӐӜӣ Ǘǽȍ C=HB� ǁƲǱǁȚǱƲȗǡǽǷȐ

।ࣂࣁࣂ॥ल UƲȍȗǽǷ ȐǞǽΒǋȍǡǷǘ ǡȐ ȊǋȍǗǽȍǶǋǇ ȚȐǡǷǘ ȗǞǋ �ƲȗƲǷǡॺ[ǋΘǶǽȚȍ ǇǡȊǽǱǋ ǗƲǁȗǽȍǡΝƲȗǡǽǷ ȐǁǞǋǶǋ ।ࣃࣁࣂ॥ल

BƲȗǁǞǡǷǘ Ǘǽȍ C=HW��ǶƲȗȍǡΗ ǋǱǋǶǋǷȗȐ ȚȐǋȐ ȗǞǋ B�ટC=HǶǋȗǞǽǇल

ࣆঢࣆ [ҲӈӮӂ҇ӪҲӉҪ Ӫүҟ �b=�[ �ҟӪҟҕӪӐӟ

�Ǘȗǋȍ Ʋ Ȑǋȗ ǽǗ BǽǷȗǋ �ƲȍǱǽ ǋΑǋǷȗȐ ǞƲȐ ǀǋǋǷ ǘǋǷǋȍƲȗǋǇळ ȐǞǽΒǋȍǋǇळ ƲǷǇ ǞƲǇȍǽǷǡΝǋǇळ ȐȗƲǀǱǋ ȊƲȍȗǡǁǱǋȐ

ǶȚȐȗ ǀǋ ȊƲȐȐǋǇ ǡǷȗǽ Ʋ ȐǡǶȚǱƲȗǡǽǷ ǽǗ ȗǞǋ �b=�[ Ǉǋȗǋǁȗǽȍल bǞǋ �b=�[ ǋΗȊǋȍǡǶǋǷȗ ǡȐ ȐǡǶȚǱƲȗǋǇ ǡǷ

ǇǋȗƲǡǱ ȚȐǡǷǘ %��Cbࣅ ॠ%�ǽǶǋȗȍΘ �ǷǇ bȍƲǁǯǡǷǘॡळ Ʋ ȐǽǗȗΒƲȍǋ ǗȍƲǶǋΒǽȍǯ ΒȍǡȗȗǋǷ ǡǷ �ਭਭ ǁƲȊƲǀǱǋ

ǽǗ ȐǡǶȚǱƲȗǡǷǘ ǶƲȗǋȍǡƲǱ ǡǷȗǋȍƲǁȗǡǽǷȐ ǽǗ ȊƲȍȗǡǁǱǋȐ ΒǡȗǞ ȐǡǶȚǱƲȗǋǇ ΑǽǱȚǶǋȐ ।ࣄࣁࣂ॥ल bǞǋ ǡǷȗǋȍƲǁȗǡǽǷȐ ȗǞƲȗ

Ʋȍǋ ȐȚȊȊǽȍȗǋǇ ΒǡȗǞǡǷ %��Cbࣅ Ʋȍǋ ȐȊǋǁǡϮǋǇ ǀΘ Ʋ Ȑǋȗ ǽǗ ȊǞΘȐǡǁȐ ǱǡȐȗȐ ȗǞƲȗ ǁƲǷ ǀǋ ȊȍǽΑǡǇǋǇ ǀΘ ȗǞǋ ȚȐǋȍल

[ȗƲǷǇƲȍǇ ǶƲȗǋȍǡƲǱ ǡǷȗǋȍƲǁȗǡǽǷȐ Ǳǡǯǋ ǡǽǷǡΝƲȗǡǽǷ ƲǷǇ ȐǞǽΒǋȍǡǷǘ Ʋȍǋ ǡǷǁǱȚǇǋǇ ǀΘ ǇǋǗƲȚǱȗल

bǞǋ ǶǽȐȗ ƲǁǁȚȍƲȗǋ ȐǡǶȚǱƲȗǡǽǷ ǽǗ ȗǞǋ �b=�[ Ǉǋȗǋǁȗǽȍ ȚȐǡǷǘ %��Cbࣅ ǡȐ ȍǋǗǋȍȍǋǇ ȗǽ ƲȐ $ȚǱǱ[ǡǶल

/ȗȐ ǶƲǬǽȍ ǇȍƲΒǀƲǁǯ ǡȐ ǡȗȐ ǁǽǶȊȚȗƲȗǡǽǷƲǱ ǁǽȐȗल �b=�[ ǞƲȐ ǇǋΑǋǱǽȊǋǇ Ʋ ǗƲȐȗ ȐǡǶȚǱƲȗǡǽǷ ƲǱǘǽȍǡȗǞǶ

ॠ�$//ॡ ȗǞƲȗ ƲǁǞǡǋΑǋȐ ƲǷ ǽȍǇǋȍ ǽǗ ǶƲǘǷǡȗȚǇǋ ȍǋǇȚǁȗǡǽǷ ǡǷ ǁǽǶȊȚȗǡǷǘ ȗǡǶǋळ ƲȐ ȐǞǽΒǷ ǡǷ $ǡǘȚȍǋ ࣈलࣆ

।ࣅࣁࣂ॥ल bǞǡȐ ǡȐ ƲǁǞǡǋΑǋǇ ǡǷ ȊƲȍȗ ǀΘ ȍǋȊǱƲǁǡǷǘ ȗǞǋ ǁƲǱǽȍǡǶǋȗǋȍ ȐǞǽΒǋȍǡǷǘ ȐȗǋȊ ॠǡǷΑǽǱΑǡǷǘO(100)ǶƲॺ

ȗǋȍǡƲǱ ǡǷȗǋȍƲǁȗǡǽǷȐ Ȋǋȍ ȐǞǽΒǋȍॡ ΒǡȗǞ ȊȍǋॺǇǋϮǷǋǇ ȐǞǽΒǋȍ ȐǞƲȊǋ ȗǋǶȊǱƲȗǋȐल bǞǡȐ ȐǡǶȊǱǡϮǁƲȗǡǽǷ ǡȐ ȍǋॺ

ǱǡƲǀǱǋ Ǘǽȍ ǶǽȐȗ ȊȚȍȊǽȐǋȐ ǋΗǁǋȊȗ Ǘǽȍ ȗǞǋ ȐȗȚǇΘ ǽǗ Ǭǋȗ ȐȚǀȐȗȍȚǁȗȚȍǋ ΑƲȍǡƲǀǱǋȐळ ǀȚȗ $ȚǱǱ[ǡǶ ȐƲǶȊǱǋȐ Ʋȍǋ

ȊȍǋǗǋȍȍǋǇ Ǘǽȍ ǶǽȐȗ ȊȍǽǁǋȐȐǋȐ ǋΗǁǋȊȗ ȗǞǽȐǋ ȗǞƲȗ ǁǽǷȗȍǡǀȚȗǋ ǱǋƲȐȗ ȗǽ Ʋ ȊƲȍȗǡǁȚǱƲȍ ǶǋƲȐȚȍǋǶǋǷȗঌȐ ȊǞƲȐǋ

ȐȊƲǁǋल �Ǘȗǋȍ ȊƲȍȗǡǁǱǋȐ Ʋȍǋ ȊȍǽȊƲǘƲȗǋǇ ȗǞȍǽȚǘǞ ȗǞǋ ȐǡǶȚǱƲȗǋǇ �b=�[ Ǉǋȗǋǁȗǽȍळ ȗǞǋ ȐǡǶȚǱƲȗǋǇ Ǉǋȗǋǁȗǽȍ

ǞǡȗȐ Ʋȍǋ ǇǡǘǡȗǡΝǋǇ ƲǷǇ ȊƲȐȐǋǇ ǡǷȗǽ �b=�[ ȍǋǁǽǷȐȗȍȚǁȗǡǽǷल

ࣂࣈ



Figure 3. The flow of the ATLAS simulation software, from event generators (top left) through

reconstruction (top right). Algorithms are placed in square-cornered boxes and persistent data

objects are placed in rounded boxes. The optional pile-up portion of the chain is dashed.

Figure 4. Comparison

of CPU time spent for the

simulation of tt events,

with an overlay of the es-

timated ISF timing. The

vertical dotted lines show

the mean CPU time of

each simulation flavor.

Fig.3 shows the flow of ATLAS Simulation software from event generation (top left) to

reconstruction (top right). The event generation (step 1 in the simulation chain) is achieved by

general purpose generators such as PYTHIA [4][5], HERWIG [6] and Hijing [7], which produce

complete primary particle collections of collision events, starting from a proton-proton, proton-

nucleus or nucleus-nucleus initial state.

The simulation of the physics processes and detector response (step 2 in the simulation chain)

can be performed with di↵erent simulation strategies, which can be characterized by varying

degrees of accuracy and simulation speed:

(i) Full G4 Simulation (using Geant4 and a fully detailed detector description)

(ii) Fast G4 Simulation (using Geant4 and pre-simulated particle showers in the calorimeter)

(iii) Atlfast-II (using a parameterized calorimeter simulation (FastCaloSim))

(iv) Atlfast-IIF (using the FastCaloSim and a fast track simulation (Fatras))

An overview of the CPU time of di↵erent simulation flavors for tt events, with an overlay of

the estimated timing of the Integrated Simulation Framework (ISF), is shown in Fig.4.

as particle identification, measurement of missing transverse momentum etc., can take as an input either raw data
objects (RDO) from simulation or actual data recorded by the detector.

4

)LJXUH ���� &RPSDULVRQ RI &38 WLPH IRU D VHW RI tt̄ HYHQWV XVLQJ )XOO6LP DQG $),,

bǞǋ �b=�[ǶǽǇǋǱ ΒǡȗǞǡǷ %��Cbࣅ ǡȐ ǱǡǶǡȗǋǇ ǡǷ ǡȗȐ ǇǋȗƲǡǱ ƲǷǇ ǶȚȐȗ ǀǋ ǁǽȍȍǋǁȗǋǇ ȗǽ Ƕǽȍǋ ǗƲǡȗǞॺ

ǗȚǱǱΘ ȍǋȊȍǽǇȚǁǋ ȍǋǁǽǷȐȗȍȚǁȗǡǽǷ ƲǷǇ ȗƲǘǘǡǷǘ ǋϨǁǡǋǷǁǡǋȐ ǽǗ ΑƲȍǡǽȚȐ ȊǞΘȐǡǁȐ ǽǀǬǋǁȗȐल bǞǡȐ ǡȐ ȗΘȊǡǁƲǱǱΘ

ƲǁǞǡǋΑǋǇ ȗǞȍǽȚǘǞ ȗǞǋ ǇǋȍǡΑƲȗǡǽǷ ǽǗ ȐǁƲǱǋ ǗƲǁȗǽȍȐ ॠ[$ॡ ƲȊȊǱǡǋǇ ȗǽ ȍǋǁǽǷȐȗȍȚǁȗǋǇB� ǋΑǋǷȗȐळ ǇǋϮǷǋǇ ǀΘ

ȗǞǋ ǇǽȚǀǱǋ ȍƲȗǡǽऴ

SF =
NX

data/N
total
data

NX
MC/N

total
MC

=
εdata
εMC

ॠࣆलࣉॡ

sǞǋȍǋX ȍǋǗǋȍȐ ȗǽ ƲǷΘ ȍǋǁǽǷȐȗȍȚǁȗǡǽǷ ƲǱǘǽȍǡȗǞǶ ॠǋलǘल ȗȍǡǘǘǋȍȐळ ǽǀǬǋǁȗ ȍǋǁǽǷȐȗȍȚǁȗǡǽǷ ƲǷǇ ǡǇǋǷȗǡϮॺ

ǁƲȗǡǽǷळ ǡȐǽǱƲȗǡǽǷळ ƲǷǇ ȗƲǘǘǡǷǘ ƲǱǘǽȍǡȗǞǶȐॡल [ȊǋǁǡϮǁ ǋΗƲǶȊǱǋȐ ǽǗ ȗǞǡȐ ǁƲǱǡǀȍƲȗǡǽǷ ȊȍǽǁǋǇȚȍǋ ΒǡǱǱ ǀǋ

ǇǡȐǁȚȐȐǋǇ ǡǷ �ǞƲȊȗǋȍ लࣇ

bǞǋ ǱƲȐȗ ȊƲȍȗ ǽǗ ȗǞǋ pp ǡǷȗǋȍƲǁȗǡǽǷ Ƿǽȗ Θǋȗ ǶǋǷȗǡǽǷǋǇ ǡȐ ȗǞǋ ȍǋǶǷƲǷȗȐ ǽǗ ȗǞǋ ǡǷǋǱƲȐȗǡǁƲǱǱΘ ȐǁƲȗȗǋȍǋǇ

ȊȍǽȗǽǷȐ ȗǞƲȗ Ǉǽ Ƿǽȗ ȊƲȍȗǡǁǡȊƲȗǋ ǡǷ ȗǞǋ ǞƲȍǇ ȐǁƲȗȗǋȍǡǷǘ ǡǷȗǋȍƲǁȗǡǽǷȐल bǞǋȐǋ ǱǽΒॺǶǽǶǋǷȗȚǶ ǀǋƲǶ

ȍǋǶǷƲǷȗȐ Ʋȍǋ ȍǋǗǋȍȍǋǇ ȗǽ ƲȐ ȗǞǋ ȚǷǇǋȍǱΘǡǷǘ ǋΑǋǷȗळ ΒǞǡǁǞ ǶƲΘ ǀǋ ǇǋȊǽȐǡȗǋǇ ǡǷ ȗǞǋ Ǉǋȗǋǁȗǽȍ ΑǽǱȚǶǋ

ƲǷǇ ǁǽǷȗȍǡǀȚȗǋ ȗǽ ǀƲǁǯǘȍǽȚǷǇȐ ǡǷ ǽǀǬǋǁȗ ȍǋǁǽǷȐȗȍȚǁȗǡǽǷल bǞǋ ȚǷǇǋȍǱΘǡǷǘ ǋΑǋǷȗ ǡȐ ƲǁǁǽȚǷȗǋǇ Ǘǽȍ

ǀΘ ǽΑǋȍǱƲΘǡǷǘ ǋΑǋǷȗȐ ȐǡǶǡǱƲȍ ȗǽ ȗǞǽȐǋ ǁǽǱǱǋǁȗǋǇ ΒǡȗǞ Ʋ ΑǋȍΘ ǱǽǽȐǋ ȗȍǡǘǘǋȍल bǞǋȐǋ ǁǽǷȐȗǡȗȚȗǋ Ʋ ȐƲǶȊǱǋ

ǽǗ ǀƲȐǋǱǡǷǋ ǡǷǋǱƲȐȗǡǁ ȐǁƲȗȗǋȍǡǷǘ ǋΑǋǷȗȐ ȗǞƲȗ Ʋȍǋ ǶǡǷǡǶƲǱǱΘ ǀǡƲȐǋǇ ȗǽΒƲȍǇȐ ǞǡǘǞǋȍ
√
s ǀΘ ȗǞǋ ȗȍǡǘǘǋȍल

[ȊǋǁǡϮǁ ǘǋǷǋȍƲȗǽȍ ȗȚǷǋȐ Ʋȍǋ ǇǋϮǷǋǇ ǡǷ ǽȍǇǋȍ ȗǽ ȊȍǽǇȚǁǋ ǋΑǋǷȗȐ ȗǞƲȗ Ʋǘȍǋǋ ΒǡȗǞ ǶǡǷǡǶȚǶ ǀǡƲȐ ǇƲȗƲ
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।ࣆࣁࣂ॥ल /ȗ ǡȐ ƲǱȐǽ ȊǽȐȐǡǀǱǋ Ǘǽȍ ǶȚǱȗǡȊǱǋ ǞƲȍǇ ȐǁƲȗȗǋȍǡǷǘ ǡǷȗǋȍƲǁȗǡǽǷȐ ȗǽ ǽǁǁȚȍ ǀǋȗΒǋǋǷ ȗǞǋ ȊƲȍȗǽǷȐ ǽǗ

Ʋ ȐǡǷǘǱǋ ȊƲǡȍ ǽǗ ǁǽǱǱǡǇǡǷǘ ǞƲǇȍǽǷȐळ ǁƲǱǱǋǇ ǶȚǱȗǡȊǱǋॺȊƲȍȗǽǷ ǡǷȗǋȍƲǁȗǡǽǷȐल bǞǋ ǋϥǋǁȗ ǽǗ ȐȚǁǞ ǋΑǋǷȗȐ ǡȐ

ȍǋǱǋΑƲǷȗ Ǘǽȍ ȊȍǋǇǡǁȗǡǷǘ ǇǡǬǋǁȗ ȊȍǽǇȚǁȗǡǽǷ ǁȍǽȐȐ ȐǋǁȗǡǽǷȐळ Ǘǽȍ ǋΗƲǶȊǱǋ ।ࣇࣁࣂ॥ल

ࣄࣈ



6
�b=�[ XǋǁǽǷȐȗȍȚǁȗǡǽǷ

bǞǋ ǶǋƲȐȚȍǋǶǋǷȗ ǽǗ tt̄W ȊȍǽǇȚǁȗǡǽǷ ȍǋǱǡǋȐ ǽǷ ȗǞǋ ȍǋǁǽǷȐȗȍȚǁȗǡǽǷ ǽǗ ǱǡǘǞȗ ǱǋȊȗǽǷȐ ॠǋǱǋǁȗȍǽǷȐ ƲǷǇ

ǶȚǽǷȐॡ ȗǞƲȗ ǇǋϮǷǋ ȗǞǋ ǶǋƲȐȚȍǋǶǋǷȗ ǁǞƲǷǷǋǱȐल /ȗ ƲǱȐǽ ȍǋǱǡǋȐ ǽǷ Ǭǋȗ ǁǱȚȐȗǋȍǡǷǘ ƲǷǇ ǞǋƲΑΘ ϱƲΑǽȍ ȗƲǘॺ

ǘǡǷǘ ȗǽ ǡǇǋǷȗǡǗΘ bॺǬǋȗȐ ȊȍǽǇȚǁǋǇ ǡǷ ȗǽȊ ȌȚƲȍǯ ǇǋǁƲΘȐल BǋƲȐȚȍǋǶǋǷȗȐ ǗȍǽǶ ȗǞǋ ȗȍƲǁǯǋȍळ ǁƲǱǽȍǡǶǋȗǋȍȐळ

ƲǷǇ ǶȚǽǷ ȐȊǋǁȗȍǽǶǋȗǋȍȐ ǶȚȐȗ ǀǋ ǁǽǶǀǡǷǋǇ ȗǽ ȍǋǁǽǷȐȗȍȚǁȗ ȗǞǋȐǋ ȊǞΘȐǡǁȐ ǽǀǬǋǁȗȐल bǞǡȐ ǁǞƲȊȗǋȍ ΒǡǱǱ

ǘǡΑǋ ƲǷ ǽΑǋȍΑǡǋΒ ǽǗ ȗǞǋ ȍǋǁǽǷȐȗȍȚǁȗǡǽǷ ƲǷǇ ǁƲǱǡǀȍƲȗǡǽǷ ǽǗ ȊǞΘȐǡǁȐ ǽǀǬǋǁȗȐळ ǗǽǁȚȐǡǷǘ ǽǷ ƲȐȊǋǁȗȐ ȗǞƲȗ

Ʋȍǋ ǶǽȐȗ ȍǋǱǋΑƲǷȗ Ǘǽȍ ȗǞǋ tt̄W ǶǋƲȐȚȍǋǶǋǷȗल

ࣅࣈ



ࣂঢࣇ bӟ҇ҕҿҲӉҪ ҇Ӊқ qҟӟӪҟӽҲӉҪ

bȍƲǁǯǡǷǘ ƲǱǘǽȍǡȗǞǶȐ ǡǷ �b=�[ Ϯȗ ǞǡȗȐ ǶǋƲȐȚȍǋǇ ǡǷ ȗǞǋ /� ȗǽ ȍǋǁǽǷȐȗȍȚǁȗ ȗǞǋ ȗȍƲǬǋǁȗǽȍǡǋȐ ǽǗ ǁǞƲȍǘǋǇ

ȊƲȍȗǡǁǱǋȐ ƲȐ ȗǞǋΘ Ʋȍǋ ǇǋϱǋǁȗǋǇ ǡǷ Ʋ ǶƲǘǷǋȗǡǁ ϮǋǱǇल bȍƲǬǋǁȗǽȍǡǋȐ Ʋȍǋ ǇǋϮǷǋǇ ǀΘ Ʋ Ȑǋȗ ǽǗ Ȋǋȍǡǘǋǋ ȊƲȍƲǶǋॺ

ȗǋȍȐ (d0, z0,φ, θ, q/pT ) ȐǞǽΒǷ ǡǷ $ǡǘȚȍǋ लࣂलࣇ /ǶȊƲǁȗ ȊƲȍƲǶǋȗǋȍȐ d0 ƲǷǇ z0 ǇǋȗǋȍǶǡǷǋ ȗǞǋ ǇǡȐȗƲǷǁǋ

ǽǗ ǁǱǽȐǋȐȗ ƲȊȊȍǽƲǁǞ ǽǗ ȗǞǋ ȊƲȍȗǡǁǱǋ ȗȍƲǬǋǁȗǽȍΘ ȗǽ Ʋ ǘǡΑǋǷ ΑǋȍȗǋΗ ȊǽȐǡȗǡǽǷळ ΒǞǡǱǋ φ ƲǷǇ θ ǇǋȗǋȍǶǡǷǋ ȗǞǋ

ǇǡȍǋǁȗǡǽǷ ǽǗ ȗǞǋ ȗȍƲǬǋǁȗǽȍΘ Ʋȗ ȗǞǋ ȊǽȐǡȗǡǽǷ ǽǗ ǁǱǽȐǋȐȗ ƲȊȊȍǽƲǁǞल Cǽȗǋ ȗǞƲȗ ȗǞǋȐǋ ȊƲȍƲǶǋȗǋȍȐ ǇǋȊǋǷǇ

ǽǷ Ʋ ȐȊǋǁǡϮǁ ȍǋǗǋȍǋǷǁǋ ȊǽǡǷȗ ॠȗǞǋ ǀǋƲǶȐȊǽȗ ǽȍ ȍǋǁǽǷȐȗȍȚǁȗǋǇ ǁǽǱǱǡȐǡǽǷ ΑǋȍȗǡǁǋȐ Ʋȍǋ ǁǽǶǶǽǷ ǁǞǽǡǁǋȐॡल

bǞǋ ǁǞƲȍǘǋ ƲǷǇ ǶǽǶǋǷȗȚǶ ǽǗ Ʋ ȊƲȍȗǡǁǱǋ ǁƲǷ ƲǱȐǽ ǀǋ ȍǋǁǽǷȐȗȍȚǁȗǋǇ ǡǗ ȗǞǋ ǶƲǘǷǋȗǡǁ ϮǋǱǇ ȐȗȍǋǷǘȗǞ ǡȐ

ǯǷǽΒǷ ΑǡƲ ȗǞǋ =ǽȍǋǷȗΝ Ǘǽȍǁǋ ǱƲΒल

Introduction Track Reconstruction Vertex Reconstruction ATLAS and CMS Summary

Track Parameters at Collider Detectors

Perigee parameterization:
d0 signed distance of closest

approach to z axis

z0 z of closest approach

�0 azimuthal angle at cl. app.

✓ polar angle of track

q/p charge-signed curvature

useful for cylindrical detectors and solenoidal B-field (Bz)
basis for 4-vector parameterization in physics analysis (Bz))LJXUH ���� ,OOXVWUDWLRQ RI D SDUWLFOH WUDMHFWRU\ DQG LWV GHĆQLQJ SHULJHH SDUDPHWHUV

� ǯǋΘ ǗǋƲȗȚȍǋ ǽǗ ȗȍƲǁǯǡǷǘ ƲǱǘǽȍǡȗǞǶȐ ǡȐ ȗǞǋ ƲǀǡǱǡȗΘ ȗǽ ǋϨǁǡǋǷȗǱΘ ϮǷǇ ȗǞǋ ǁǽȍȍǋǁȗ ǁǽǶǀǡǷƲȗǡǽǷ ǽǗ

O(1000) ǞǡȗȐ ƲǁȍǽȐȐ ǶȚǱȗǡȊǱǋ Ǉǋȗǋǁȗǽȍ ȐΘȐȗǋǶȐल �b=�[ ȗȍƲǁǯǡǷǘ ǡǷΑǽǱΑǋȐ ȗΒǽ ȐǋȌȚǋǷȗǡƲǱ ƲǱǘǽȍǡȗǞǶȐऴ

ȗǞǋ ȊȍǡǶƲȍΘ ǡǷȐǡǇǋॺǽȚȗ ȗȍƲǁǯ ȍǋǁǽǷȐȗȍȚǁȗǡǽǷ ǗǽǱǱǽΒǋǇ ǀΘ ǽȚȗȐǡǇǋॺǡǷ ȗȍƲǁǯǡǷǘ ॠǀƲǁǯॺȗȍƲǁǯǡǷǘॡ ।ࣈࣁࣂळ

॥लࣉࣁࣂ sǞǡǱǋ ǡǷȐǡǇǋॺǽȚȗ ȗȍƲǁǯǡǷǘ ǁƲǷ ǋϨǁǡǋǷȗǱΘ ϮǷǇ ȗȍƲǁǯ ǁƲǷǇǡǇƲȗǋȐळ ǡȗ ǡȐ ȐǋǷȐǡȗǡΑǋ ȗǽ ƲǶǀǡǘȚǡȗǡǋȐ ǡǷ

ࣆࣈ



ƲȐȐǡǘǷǡǷǘ Ǟǡȗ ǁǱȚȐȗǋȍȐ ȗǽ ȗȍƲǁǯ ǁƲǷǇǡǇƲȗǋȐल HȚȗȐǡǇǋॺǡǷ ȗȍƲǁǯǡǷǘ ǞǋǱȊȐ ȍǋȐǽǱΑǋ ȗǞǋȐǋ ƲǶǀǡǘȚǡȗǡǋȐ ƲǷǇ

ȍǋǁǽΑǋȍ ǶǡȐȐǋǇ ȗȍƲǁǯȐल HȚȗȐǡǇǋॺǡǷ ȗȍƲǁǯǡǷǘ ǡȐ ƲǱȐǽ ȚȐǋǗȚǱ Ǘǽȍ ȍǋǁǽǷȐȗȍȚǁȗǡǷǘ ȗȍƲǁǯȐ ǗȍǽǶ ȐǋǁǽǷǇƲȍΘ

ΑǋȍȗǡǁǋȐ ƲǷǇ ȊǞǽȗǽǷ ǁǽǷΑǋȍȐǡǽǷȐ ॠγ → e+e−ॡ ȗǞƲȗ ǁƲǷ ǽǁǁȚȍ ΒǡȗǞǡǷ ȗǞǋ ȗȍƲǁǯǡǷǘ ΑǽǱȚǶǋल

bǞǋ ǡǷȐǡǇǋॺǽȚȗ ȐǋȌȚǋǷǁǋ ǀǋǘǡǷȐ ǀΘ ǗǽȍǶǡǷǘ ȗȍƲǁǯ ȐǋǋǇȐ ǗȍǽǶ ȐǋȗȐ ǽǗ ࣄ Ǟǡȗ ǁǱȚȐȗǋȍȐ ΒǡȗǞǡǷ ȗǞǋ ȐǡǱॺ

ǡǁǽǷ ǱƲΘǋȍȐल bȍƲǁǯ ȐǋǋǇȐ Ʋȍǋ ǋΗȗǋǷǇǋǇ ǽȚȗΒƲȍǇ ǱƲΘǋȍॺǀΘॺǱƲΘǋȍ ȚȐǡǷǘ Ʋ ǁǽǶǀǡǷƲȗǽȍǡƲǱ <ƲǱǶƲǷ ϮǱȗǋȍ

।࣊ࣁࣂ॥ल [ǋƲȍǁǞ ȍǽƲǇȐ Ʋȍǋ ǇǋϮǷǋǇ ȗǞƲȗ ǋΗȗǋǷǇ ǗȍǽǶ ȗȍƲǁǯ ǁƲǷǇǡǇƲȗǋȐ ȗǽ ȍǋǇȚǁǋ ȗǞǋ ǷȚǶǀǋȍ ǽǗ ǞǡȗȐ ȗǞƲȗ

ǶȚȐȗ ǀǋ ǁǽǷȐǡǇǋȍǋǇ Ǘǽȍ ȗȍƲǁǯ ǋΗȗǋǷȐǡǽǷ ǡǷȗǽ ȗǞǋ ǽȚȗǋȍ ǱƲΘǋȍȐल �ǶǀǡǘȚǡȗǡǋȐ ǀǋȗΒǋǋǷ ǶȚǱȗǡȊǱǋ ȊǽȐȐǡǀǱǋ

Ǟǡȗ ǋΗȗǋǷȐǡǽǷȐ Ʋȍǋ ȍǋȐǽǱΑǋǇ ΒǡȗǞ Ϯȗ ȌȚƲǱǡȗΘ ȍǋȌȚǡȍǋǶǋǷȗȐ ॠǋलǘल χ2ॡल bǞǋ ȗȍƲǁǯȐ Ʋȍǋ ǋΗȗǋǷǇǋǇ ǡǷȗǽ ȗǞǋ

bXb ȍǋǘǡǽǷ ǡǗ ǁǽǶȊƲȗǡǀǱǋ ǞǡȗȐ Ʋȍǋ ǗǽȚǷǇ ƲǷǇ ȍǋϮȗȗǋǇल �Ǘȗǋȍ ȗǞǋ ǡǷȐǡǇǋॺǽȚȗ ȐǋȌȚǋǷǁǋ ǞƲȐ ȊȍǽǇȚǁǋǇ Ʋ

Ȑǋȗ ǽǗ ǁƲǷǇǡǇƲȗǋ ȗȍƲǁǯȐळ ȗǞǋ ǀƲǁǯॺȗȍƲǁǯǡǷǘ ȐǋȌȚǋǷǁǋ ǡȐ ȍȚǷल /ȗ ǡȐ ȐǋǋǇǋǇ ǀΘ ȐǋȗȐ ǽǗ ࣄ ǁǱȚȐȗǋȍȐ ǡǷ ȗǞǋ bXb

ǱƲΘǋȍȐ ǡǷ ȍǋǘǡǽǷȐ ǽǗ ǡǷȗǋȍǋȐȗ ǇǋϮǷǋǇ ǀΘ ǞǡȗȐ ǡǷ ȗǞǋ ǋǱǋǁȗȍǽǶƲǘǷǋȗǡǁ ǁƲǱǽȍǡǶǋȗǋȍल bǞǋ ȐƲǶǋ ǡȗǋȍƲȗǡΑǋ

ȗȍƲǁǯ ǋΗȗǋǷȐǡǽǷ ȊȍǽǁǋǇȚȍǋ ǡȐ ȚȐǋǇ ƲȐ ǡǷ ȗǞǋ ǡǷȐǡǇǋॺǽȚȗ ƲȊȊȍǽƲǁǞल UǋȍǗǽȍǶƲǷǁǋ ǶǋƲȐȚȍǋǶǋǷȗȐ ǽǗ ȗȍƲǁǯ

ȍǋǁǽǷȐȗȍȚǁȗǡǽǷ ǡǷ ǋƲȍǱΘ XȚǷ // Ʋȍǋ ǘǡΑǋǷ ǡǷ XǋǗǋȍǋǷǁǋȐ ।ࣁࣂࣂळ ॥लࣂࣂࣂ

bȍƲǁǯȐ Ʋȍǋ ǋΗȗȍƲȊǽǱƲȗǋǇ ȗǽΒƲȍǇȐ ȗǞǋ ǀǋƲǶǱǡǷǋ ȗǽ ǗǽȍǶ ΑǋȍȗǡǁǋȐ ǁǞƲȍƲǁȗǋȍǡΝǋǇ ǀΘ ȗǞǋǡȍ ȊǽȐǡȗǡǽǷळ ȗǞǋ

ǷȚǶǀǋȍ ǽǗ ȗȍƲǁǯȐ ƲȐȐǽǁǡƲȗǋǇ ȗǽ ǡȗळ ƲǷǇ ȗǞǋ
∑

p2T ǽǗ ƲǱǱ ƲȐȐǽǁǡƲȗǋǇ ȗȍƲǁǯȐल bǞǋ ȊȍǡǶƲȍΘ ΑǋȍȗǡǁǋȐ ॠUqॡ

Ʋȍǋ ΑǋȍȗǡǁǋȐ ǗǽȚǷǇ ǷǋƲȍ ȗǞǋ ǽΑǋȍǱƲȊȊǡǷǘ ȍǋǘǡǽǷ ǀǋȗΒǋǋǷ ȗǞǋ ǡǷǁǽǶǡǷǘ ȊȍǽȗǽǷ ǀǋƲǶȐ ॠȗǞǋ ǀǋƲǶȐȊǽȗॡल

Uq Ʋȍǋ ȍǋǁǽǷȐȗȍȚǁȗǋǇ ƲȐ ȗǞǽȐǋ ȗǞƲȗ ǞƲΑǋ Ʋȗ ǱǋƲȐȗ ȗΒǽ ǞǡǘǞॺȌȚƲǱǡȗΘ ȗȍƲǁǯȐ ƲȐȐǽǁǡƲȗǋǇ ȗǽ ǡȗ ।ࣃࣂࣂ॥ल bǞǋ

ǷȚǶǀǋȍ ǽǗ ȊȍǡǶƲȍΘ ΑǋȍȗǡǁǋȐ ǡǷǁȍǋƲȐǋȐ ΒǡȗǞ ǡǷȐȗƲǷȗƲǷǋǽȚȐ ǱȚǶǡǷǽȐǡȗΘ ǽǗ ȗǞǋ =,�ल bǞǋ ǷȚǶǀǋȍ ǽǗ

ȍǋǁǽǷȐȗȍȚǁȗǋǇ Uq Ȋǋȍ ǀȚǷǁǞ ǁȍǽȐȐǡǷǘ µ ǡȐ ȐǞǽΒǷ ǡǷ $ǡǘȚȍǋ ࣃलࣇ ǇȚȍǡǷǘ ȗǞǋ XȚǷ // ǇƲȗƲ ȗƲǯǡǷǘ ȊǋȍǡǽǇल

bǞǋ ǞƲȍǇ ȐǁƲȗȗǋȍǡǷǘ ǡǷȗǋȍƲǁȗǡǽǷ ǡȐ ƲȐȐǽǁǡƲȗǋǇ ȗǽ ȗǞǋ Uq ΒǡȗǞ ȗǞǋ ǞǡǘǞǋȐȗ
∑

p2T ल

ࣇࣈ



)LJXUH ���� $YHUDJH QXPEHU RI SULPDU\ YHUWLFHV SHU EXQFK FURVVLQJ UHFRUGHG E\ $7/$6 GXULQJ 5XQ ,,

ࣃঢࣇ �ӂҟҕӪӟӐӉӣ ҇Ӊқ UүӐӪӐӉӣ

�ǱǋǁȗȍǽǷȐ ƲǷǇ ȊǞǽȗǽǷȐ Ʋȍǋ ǡǷǇǡȐȗǡǷǘȚǡȐǞƲǀǱǋ ǡǷ ȗǞǋ �B ǁƲǱǽȍǡǶǋȗǋȍ ƲǷǇ Ʋȍǋ ȗǞǋȍǋǗǽȍǋ ȍǋǁǽǷȐȗȍȚǁȗǋǇ

ȚȐǡǷǘ ȐǡǶǡǱƲȍ ȐȗȍƲȗǋǘǡǋȐल bǞǋ ǡǇǋǷȗǡϮǁƲȗǡǽǷ ǽǗ ƲǷ �B ȐǞǽΒǋȍ ƲȐ ƲǷ ǋǱǋǁȗȍǽǷ ǽȍ ȊǞǽȗǽǷ ǡȐ ǇǋȗǋȍǶǡǷǋǇ

ǀΘ ȗǞǋ ȊȍǋȐǋǷǁǋ ǽǗ Ʋ ȗȍƲǁǯ ȊǽǡǷȗǡǷǘ ȗǽ ǡȗ ΒǡȗǞ ȐǡǶǡǱƲȍ ǶǽǶǋǷȗȚǶल [ǡǷǁǋ ȊǞǽȗǽǷ ȍǋǁǽǷȐȗȍȚǁȗǡǽǷ ȗǋǁǞॺ

ǷǡȌȚǋȐ Ʋȍǋ ƲǱȐǽ ȚȐǋǇ Ǘǽȍ ǋǱǋǁȗȍǽǷȐ ƲǷǇ ȗǞǋ tt̄W ǶǋƲȐȚȍǋǶǋǷȗ ǇǽǋȐ Ƿǽȗ ǁǽǷȐǡǇǋȍ ȊǞǽȗǽǷȐळ ȗǞǡȐ ȐǋǁȗǡǽǷ

ΒǡǱǱ ǗǽǁȚȐ ǽǷ ǋǱǋǁȗȍǽǷ ȍǋǁǽǷȐȗȍȚǁȗǡǽǷ ƲǷǇ ǁƲǱǡǀȍƲȗǡǽǷल

bǞǋ ǁǽǶǀǡǷƲȗǡǽǷ ǽǗ ȗȍƲǁǯǡǷǘ ƲǷǇ ǁƲǱǽȍǡǶǋȗȍΘ Ǘǽȍ ǋǱǋǁȗȍǽǷ ȍǋǁǽǷȐȗȍȚǁȗǡǽǷ ǡȐ ǇǋȊǡǁȗǋǇ ǡǷ $ǡǘॺ

Țȍǋ लࣄलࣇ �ǱǋǁȗȍǽǷȐ Ʋȍǋ ΒǋǱǱ ȍǋǁǽǷȐȗȍȚǁȗǋǇ ǡǷ ȗǞǋ ȍǋǘǡǽǷ |η| < 2.47ळ ǋǷȐȚȍǡǷǘ ǡȗȐ ǷƲȍȍǽΒ ȐǞǽΒǋȍ ǡȐ

ǗȚǱǱΘ ǁǽǷȗƲǡǷǋǇ ΒǡȗǞǡǷ ȗǞǋ =�ȍ ǁƲǱǽȍǡǶǋȗǋȍळ ǋΗǁǱȚǇǡǷǘ ȗǞǋ 1.37 < |η| < 1.52ΒǞǋȍǋ ǁǽΑǋȍƲǘǋ

ȗȍƲǷȐǡȗǡǽǷȐ ǗȍǽǶ ȗǞǋ ǀƲȍȍǋǱ ȗǽ ȗǞǋ ǋǷǇॺǁƲȊ ǁƲǱǽȍǡǶǋȗǋȍ ॠȗǞǋ ȐǽॺǁƲǱǱǋǇ =�ȍ ǁȍƲǁǯ ȍǋǘǡǽǷॡल ,ǡȗȐ ǡǷ ȗǞǋ

ȐǡǱǡǁǽǷ ƲǷǇ [�b ǱƲΘǋȍȐ Ʋȍǋ ȚȐǋǇ Ǘǽȍ ǶǽǶǋǷȗȚǶ ǁƲǱǡǀȍƲȗǡǽǷळ ΒǞǡǱǋ bXb ǞǡȗȐ ǁƲǷ ǀǋ ȚȐǋǇ ȗǽ ǡǇǋǷȗǡǗΘ

ǋǱǋǁȗȍǽǷȐ ǀΘ ȗǞǋ ΗॺȍƲΘ ȗȍƲǷȐǡȗǡǽǷ ȍƲǇǡƲȗǡǽǷ ȗǞƲȗ ǡȐ ǁǞƲȍƲǁȗǋȍǡȐȗǡǁ ǽǗ ǱǽΒ ǶƲȐȐ ȊƲȍȗǡǁǱǋȐल bǞǋȐǋ Ʋȍǋ ǁǽǶॺ

ǀǡǷǋǇ ΒǡȗǞ bǽȊǽ�ǱȚȐȗǋȍȐ ।ࣄࣂࣂ॥ ǽǗ ǁƲǱǽȍǡǶǋȗǋȍ ǁǋǱǱȐ ǡǷȗǽ Ʋ ǱǡǯǋǱǡǞǽǽǇॺǀƲȐǋǇ ǡǇǋǷȗǡϮǁƲȗǡǽǷ ƲǱǘǽȍǡȗǞǶ

ࣈࣈ



ȗǞƲȗ ǡȐ ǇǋϮǷǋǇ Ʋȗ =ǽǽȐǋ ƲǷǇ bǡǘǞȗ ΒǽȍǯǡǷǘ ȊǽǡǷȗȐ ΒǡȗǞ ǇǡϥǋȍǋǷȗ ǱǋΑǋǱȐ ǽǗ ǋǱǋǁȗȍǽǷ ǡǇǋǷȗǡϮǁƲȗǡǽǷ ǋǗॺ

ϮǁǡǋǷǁΘ ƲǷǇ ǶǡȐǡǇǋǷȗǡϮǁƲȗǡǽǷ ȍƲȗǋȐ ।ࣅࣂࣂ॥ल �ǱǋǁȗȍǽǷȐ Ʋȍǋ ȍǋȌȚǡȍǋǇ ȗǽ ǞƲΑǋ ȗȍƲǁǯȐ ȍǋǁǽǷȐȗȍȚǁȗǋǇ ΒǡȗǞ

|z0 sin θ| < 0.5ǶǶ ƲǷǇ |d0|/σd0 < 5 ȗǽ ǡǶȊȍǽΑǋ ȍǋǬǋǁȗǡǽǷ ǽǗ ǋǱǋǁȗȍǽǷȐ ǗȍǽǶ ȊǞǽȗǽǷ ǁǽǷΑǋȍȐǡǽǷȐ

ƲǷǇ ȐǋǁǽǷǇƲȍΘ ǇǋǁƲΘȐ ॠǁǽǱǱǋǁȗǡΑǋǱΘ ȍǋǗǋȍȍǋǇ ȗǽ ƲȐ ǷǽǷॺȊȍǽǶȊȗ ȊȍǽǇȚǁȗǡǽǷॡल

�ǱǋǁȗȍǽǷȐ Ʋȍǋ ȍǋȌȚǡȍǋǇ ȗǽ ǀǋ ǡȐǽǱƲȗǋǇ ǗȍǽǶ ǽȗǞǋȍ ƲǁȗǡΑǡȗΘ ǡǷ ȗǞǋ Ǉǋȗǋǁȗǽȍ ȗǽ ǗȚȍȗǞǋȍ ǡǷǁȍǋƲȐǋ ȍǋǬǋǁॺ

ȗǡǽǷ ǽǗ ǷǽǷॺȊȍǽǶȊȗ ǋǱǋǁȗȍǽǷȐल bǞǋ ȌȚƲǷȗǡȗǡǋȐ ǽǗ ǡǷȗǋȍǋȐȗ Ʋȍǋ ȗǞǋ ȐȚǶ ǽǗ pT ॠET ॡ ǽǗ ȗȍƲǁǯȐ ॠǁƲǱǽȍǡǶǋॺ

ȗǋȍ ǁǋǱǱȐॡ ǽǀȐǋȍΑǋǇ ΒǡȗǞǡǷ ƲǷ ǡȐǽǱƲȗǡǽǷ ǁǽǷǋ ǽǗ ΒǡǇȗǞ∆R ǁǋǷȗǋȍǋǇ ǽǷ ȗǞǋ ǡǇǋǷȗǡϮǋǇ ǋǱǋǁȗȍǽǷल bȍƲǁǯॺ

ǀƲȐǋǇ ǡȐǽǱƲȗǡǽǷ ǁƲǷ ȐȚȊȊǽȍȗ ΑǋȍΘ ǷƲȍȍǽΒ ǡȐǽǱƲȗǡǽǷ ǁǽǷǋȐळ ΒǞǡǱǋ ǁƲǱǽȍǡǶǋȗǋȍ ǁǽǷǋȐ ǁƲǷ ǀǋ ǽǷǱΘ ƲȐ ǷƲȍॺ

ȍǽΒ ƲȐ∆R = 0.2 ǇȚǋ ȗǽ ȗǞǋ ǘȍƲǷȚǱƲȍǡȗΘ ǽǗ ȗǞǋ =�ȍ ǁƲǱǽȍǡǶǋȗǋȍल BȚǱȗǡȊǱǋ ΒǽȍǯǡǷǘ ȊǽǡǷȗȐ Ʋȍǋ Ȋȍǽॺ

ΑǡǇǋǇ ȗǞƲȗ ǽϥǋȍ Ʋ ȗȍƲǇǋॺǽϥ ǀǋȗΒǋǋǷ ǋǱǋǁȗȍǽǷ ǋϨǁǡǋǷǁΘ ƲǷǇ ǀƲǁǯǘȍǽȚǷǇ ȍǋǬǋǁȗǡǽǷळ ǡǷǁǱȚǇǡǷǘ Ʋ =ǽǽȐǋ

ȐǋǱǋǁȗǡǽǷ ΒǡȗǞ ϮΗǋǇ ǁȚȗȐ ǽǷ ȗǞǋ ǡȐǽǱƲȗǡǽǷ ǁȍǡȗǋȍǡƲ ॠ$�=ǽǽȐǋॡ ।ࣂࣂ॥ल

�ǱǋǁȗȍǽǷ ǁǞƲȍǘǋ ǡȐ ǇǋȗǋȍǶǡǷǋǇ ǀΘ ȗǞǋ ȗȍƲǁǯ ǁȚȍΑƲȗȚȍǋ ǇǡȍǋǁȗǡǽǷ ǡǷ ȗǞǋ /�ल �ǞƲȍǘǋ ǁƲǷ ǀǋ ǶǡȐǡǇǋǷॺ

ȗǡϮǋǇ ǡǗ ƲǷ ǋǱǋǁȗȍǽǷ ȚǷǇǋȍǘǽǋȐ ǶƲȗǋȍǡƲǱ ǡǷȗǋȍƲǁȗǡǽǷȐ ƲǷǇ ȊȍǽǇȚǁǋ ȐǋǁǽǷǇƲȍΘ ǋǱǋǁȗȍǽǷȐ ƲǷǇ ȊǞǽȗǽǷȐ

ȗǞƲȗ Ʋȍǋ ǶǡȐॺȍǋǁǽǷȐȗȍȚǁȗǋǇ ƲȐ ȗǞǋ ǽȍǡǘǡǷƲǱ ǋǱǋǁȗȍǽǷल /Ƿ ȗǞǋ ǞǡǘǞॺpT ȍǋǘǡǶǋळ ǁǞƲȍǘǋ ǶǡȐǡǇǋǷȗǡϮǁƲȗǡǽǷ
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Figure 1: A schematic illustration of the path of an electron through the detector. The red trajectory shows the
hypothetical path of an electron, which first traverses the tracking system (pixel detectors, then silicon-strip detectors
and lastly the TRT) and then enters the electromagnetic calorimeter. The dashed red trajectory indicates the path of a
photon produced by the interaction of the electron with the material in the tracking system.

calorimeter, charged-particle tracks identified in the inner detector, and close matching in ⌘ ⇥ � space of
the tracks to the clusters to form the final electron candidates. Therefore, electron reconstruction in the
precision region of the ATLAS detector (|⌘| < 2.47) proceeds along those steps, described below in this
order. Figure 1 provides a schematic illustration of the elements that enter into the reconstruction and
identification (see Section 6) of an electron.

5.1 Seed-cluster reconstruction

The ⌘ ⇥ � space of the EM calorimeter is divided into a grid of 200 ⇥ 256 elements (towers) of size
�⌘ ⇥ �� = 0.025 ⇥ 0.025, corresponding to the granularity of the second layer of the EM calorimeter. For
each element, the energy (approximately calibrated at the EM scale), collected in the first, second, and
third calorimeter layers as well as in the presampler (only for |⌘| < 1.8, the region where the presampler is
located) is summed to form the energy of the tower. Electromagnetic-energy cluster candidates are then
seeded from localised energy deposits using a sliding-window algorithm [27] of size 3 ⇥ 5 towers in ⌘ ⇥ �,
whose summed transverse energy exceeds 2.5 GeV. The centre of the 3 ⇥ 5 seed cluster moves in steps of
0.025 in either the ⌘ or � direction, searching for localised energy deposits; the seed-cluster reconstruction
process is repeated until this has been performed for every element in the calorimeter. If two seed-cluster
candidates are found in close proximity (if their towers overlap within an area of �⌘ ⇥ �� = 5 ⇥ 9 units of
0.025 ⇥ 0.025), the candidate with the higher transverse energy is retained, if its ET is at least 10% higher
than the other candidate. If their ET values are within 10% of each other, the candidate containing the
highest-ET central tower is kept. The duplicate cluster is thereby removed. The reconstruction e�ciency
of this seed-cluster algorithm (e↵ectively ✏EMclus in Eq. (1)) depends on |⌘| and ET. As a function of ET,
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ƲǱǡǘǷǶǋǷȗ ǡǶȊǋȍǗǋǁȗǡǽǷȐ ǡǷ ȗǞǋ /� ƲǷǇB[ळ ȍǋȐȚǱȗǡǷǘ ǡǷ Ʋ ǁǞƲȍǘǋॺǇǋȊǋǷǇǋǷȗ ȐƲǘǡȗȗƲ ǀǡƲȐ ȗǞƲȗ ǶȚȐȗ ǀǋ

ǁǽȍȍǋǁȗǋǇ ƲǷǇ ǁƲǱǡǀȍƲȗǋǇ ।ࣉࣂࣂ॥ल

Muon identification and performance in the ATLAS experiment Sébastien Rettie

1. Introduction

Muon reconstruction and identification performance is extremely important in ATLAS both
for precision measurements and new physics searches. This note describes the performance of the
ATLAS detector [1] at the LHC [2] with respect to muon identification and reconstruction, and
outlines the muon reconstruction and isolation efficiencies. The dependence on pileup of various
efficiencies is assessed, and the corrections applied to simulation are described. Most of the results
presented are based on the work described in [3].

2. Muon Reconstruction & Identification

A full description of the ATLAS detector can be found in [1]. When a muon candidate is
reconstructed, a set of five parameters is obtained from the track fit: M = (d0,z0,f ,q ,q/p). A
muon traversing the ATLAS detector initially passes through the Inner Detector (ID) and bends in
the f direction due to a 2 T solenoid magnetic field. The ID track has very precise hits close to
the Interaction Point (IP), which helps to constrain the impact parameters d0 and z0, as well as the
angles f and q . After passing through the electromagnetic and hadronic calorimeters, the muon
enters the Muon Spectrometer (MS) and bends along the q direction due to a toroidal magnetic
field. The MS track has better q/p resolution due to its longer lever arm. There are four muon
reconstruction algorithms available within the ATLAS detector:

• Combined (CB) muons are obtained by performing a global refit of the ID and MS tracks

• Segment-tagged (ST) muons consist of a fitted ID track and a MS segment

• Calorimeter-tagged (CT) muons consist of a fitted ID track and an energy deposit in the
calorimeters

• Extrapolated (ME) muons consist of only a MS track

Figure 1 summarizes the four reconstruction algorithms described above.

Figure 1: Reconstruction algorithms available in the ATLAS detector.
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)LJXUH ���� 2YHUYLHZ RI GHWHFWLRQ WHFKQLTXHV LQYROYHG LQPXRQ LGHQWLĆFDWLRQ DQG UHFRQVWUXFWLRQ >��@

ࣅঢࣇ :ҟӪӣ

�Ƿǋȍǘǋȗǡǁ ȌȚƲȍǯȐ ƲǷǇ ǘǱȚǽǷȐ ǗȍƲǘǶǋǷȗ ƲǷǇ ǞƲǇȍǽǷǡΝǋ ȗǽ ǗǽȍǶ ǞǡǘǞǱΘ ǁǽǱǱǡǶƲȗǋǇ ȊƲȍȗǡǁǱǋ ǋǬǋǁȗǡǽǷȐ

ǁƲǱǱǋǇ ǬǋȗȐल bǞǋΘ Ʋȍǋ ȍǋǁǽǷȐȗȍȚǁȗǋǇ ǀΘ ȗǞǋǡȍ ǋǷǋȍǘΘ ǇǋȊǽȐǡȗǡǽǷ ǡǷ ȗǞǋ ǋǱǋǁȗȍǽǷǡǁ ƲǷǇ ǞƲǇȍǽǷǡǁ ǁƲǱǽȍǡǶǋॺ

ȗǋȍȐ ǡǷ |η| < 4.9 ǡǷȗǽ ȗǽȊǽǱǽǘǡǁƲǱ ǁǱȚȐȗǋȍȐ ॠbǽȊǽ�ǱȚȐȗǋȍȐॡल bǞǋ ȍǋǁǽǷȐȗȍȚǁȗǡǽǷ ǽǗ ǬǋȗȐ ǡǷ ȗǞǋ ǁƲǱǽȍǡǶǋॺ

ȗǋȍȐ ǡǷȗǽ ȗǽȊǽǱǽǘǡǁƲǱ ǁǱȚȐȗǋȍȐ ǡȐ ȐǡǶǡǱƲȍ ǡǷ ȊȍǡǷǁǡȊǱǋ ȗǽ ȗǞǋ ȍǋǁǽǷȐȗȍȚǁȗǡǽǷ ǽǗ ǋǱǋǁȗȍǽǶƲǘǷǋȗǡǁ ȐǞǽΒǋȍȐ

ǡǷ ȗǞǋ =�ȍ ǁƲǱǽȍǡǶǋȗǋȍळ ǀȚȗ ǡȐ ǁǽǶȊǱǡǁƲȗǋǇ ǀΘ ǱƲȍǘǋ ƲǷǇ ǡȍȍǋǘȚǱƲȍ ȐǞǽΒǋȍ ȐǞƲȊǋȐ ǽǗ ǞƲǇȍǽǷǡǁ ȐǞǽΒǋȍȐ

ƲǷǇ ǞǡǘǞǋȍ ǱǋΑǋǱȐ ǽǗ Ǉǋȗǋǁȗǽȍ ǷǽǡȐǋल bǽȊǽ�ǱȚȐȗǋȍȐ ǁƲǷ ǀǋ ǁǽǶǀǡǷǋǇ ΒǡȗǞ ȗȍƲǁǯǡǷǘ ǡǷǗǽȍǶƲȗǡǽǷ ǽǗ

ǁǞƲȍǘǋǇ ǞƲǇȍǽǷȐ ǡǷ ȗǞǋ ȍǋǘǡǽǷ |η| < 2.5 ȚȐǡǷǘ ȗǞǋ ȊƲȍȗǡǁǱǋ ϱǽΒ ƲǱǘǽȍǡȗǞǶ ।࣊ࣂࣂ॥ल

ࣂࣉ



bǞǋ ȊƲȍȗǡǁǱǋ ϱǽΒ ȍǋǁǽǷȐȗȍȚǁȗǡǽǷ ƲǱǘǽȍǡȗǞǶ ƲȗȗǋǶȊȗȐ ȗǽ ǶƲȗǁǞ ȗȍƲǁǯȐ ȗǽ ǡǷǇǡΑǡǇȚƲǱ bǽȊǽ�ǱȚȐȗǋȍȐ

ǀƲȐǋǇ ǽǷ ȊǽǡǷȗǡǷǘ ǇǡȍǋǁȗǡǽǷ ƲǷǇ ǁǽǶȊƲȗǡǀǡǱǡȗΘ ǽǗ ȗȍƲǁǯ ǶǽǶǋǷȗȚǶ ƲǷǇ ǁǱȚȐȗǋȍ ǋǷǋȍǘΘल [ȗǋȊȐ ȗǽ

Ƕǋȍǘǋ ȐȊǱǡȗ ǁƲǱǽȍǡǶǋȗǋȍ ǁǱȚȐȗǋȍȐळ bǽȊǽ�ǱȚȐȗǋȍȐ ǶƲȗǁǞǋǇ ȗǽ Ʋ ȗȍƲǁǯ Ʋȍǋ ȍǋǶǽΑǋǇळ ƲǷǇ ȍǋǶǷƲǷȗ ǁǋǱǱ

ǇǋȊǽȐǡȗȐ ǁǽǷȐǡȐȗǋǷȗ ΒǡȗǞ ȚȊΒƲȍǇ ǋǷǋȍǘΘ ϱȚǁȗȚƲȗǡǽǷȐ ǽǗ ȗǞǋ ȐǞǽΒǋȍ Ʋȍǋ ƲǱȐǽ ȍǋǶǽΑǋǇ ƲǷǇ ƲȐȐǽǁǡƲȗǋǇ

ȗǽ ȗǞǋ ȗȍƲǁǯल �Ǘȗǋȍ ȗǞǋ ƲȐȐǽǁǡƲȗǡǽǷȐ ǀǋȗΒǋǋǷ ȗǞǋ ǁǽǱǱǋǁȗǡǽǷ ǽǗ bǽȊǽ�ǱȚȐȗǋȍȐ ƲǷǇ ȗȍƲǁǯȐ Ʋȍǋ ǶƲǇǋळ ȗǞǋΘ

Ʋȍǋ ȊƲȐȐǋǇ ǡǷȗǽ ȗǞǋ ƲǷȗǡॺkT ǁǱȚȐȗǋȍǡǷǘ ƲǱǘǽȍǡȗǞǶ ΒǡȗǞ ȍƲǇǡȚȐ ȊƲȍƲǶǋȗǋȍ ࣅलࣁ ।ࣁࣃࣂ॥ ǡǶȊǱǋǶǋǷȗǋǇ ǡǷ

$ƲȐȗ:ǋȗ ।ࣂࣃࣂ॥ल
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• Different jet clustering algorithms are used the Lund Jet Plane construction - important concepts!

‣ Smattering of calorimeter deposits - how to decide which have come from the same underlying partons?
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Sequential Jet Clustering Algorithms

1) Define distance between  for all objects in starting collection 
2) Starting from smallest :  
        if , replace with ;  
        else,  a clustered jet and remove from collection 
        Repeat until list is empty - all objects are clustered

{dij}
dij

dij < diB i + j
i

29.04.2009, KIP Jet Algorithms 1/23

Jet algoritms
Pavel Weber  

29.04.2009, KIP Jet Algorithms 1/23

Jet algoritms
Pavel Weber  

Sequential Clustering Algorithm

Philipp Schieferdecker (KIT)

Jet Requirements
• Collinear- and Infrared-Safe

★ collinear splitting shouldn’t change jets

★ soft emissions shouldn’t change jets

• Identical proceduer on parton- and hadron-level
★ To compare theory calculations to experimental measurements

• Minimal sensitivity to hadronization, underlying event (UE), Pile-Up(PU)
★ we dont’ know how to model these effects all that well

• Applicable at detector-level
★ good computational performance

★ not to complex to correct

Collinear-Safety Infrared-Safety

Vivian’s Meeting

April 17th 2009 3/14
Philipp Schieferdecker (KIT)

Jet Requirements
• Collinear- and Infrared-Safe

★ collinear splitting shouldn’t change jets

★ soft emissions shouldn’t change jets

• Identical proceduer on parton- and hadron-level
★ To compare theory calculations to experimental measurements

• Minimal sensitivity to hadronization, underlying event (UE), Pile-Up(PU)
★ we dont’ know how to model these effects all that well

• Applicable at detector-level
★ good computational performance

★ not to complex to correct

Collinear-Safety Infrared-Safety

Vivian’s Meeting

April 17th 2009 3/14

Collinear Safety: collinear splitting shouldn’t 
change jet

Infrared Safety: soft emissions shouldn’t 
change jet

)LJXUH ���� 6NHWFK RI ,5 DQG FROOLQHDU XQVDIH HIIHFWV

bǞǋ ƲǷȗǡॺkT ƲǱǘǽȍǡȗǞǶ ǡȐ ǽǷǋ ǽǗ Ʋ ǗƲǶǡǱΘ ǽǗ ȗǞȍǋǋ ȐǋȌȚǋǷȗǡƲǱ ǁǱȚȐȗǋȍǡǷǘ ƲǱǘǽȍǡȗǞǶȐ ǽǗ Ʋ ǁǽǱǱǋǁȗǡǽǷ

ǽǗ ǽǀǬǋǁȗȐ ॠǋलǘल ȊƲȍȗǡǁǱǋȐळ ȗȍƲǁǯȐळ bǽȊǽ�ǱȚȐȗǋȍȐॡल bǞǋȐǋ ǞƲΑǋ ȗǞǋ ǡǶȊǽȍȗƲǷȗ ǗǋƲȗȚȍǋȐ ǽǗ ǁǽǱǱǡǷǋƲȍ ƲǷǇ

ǡǷǗȍƲȍǋǇ ॠ/Xॡ ȐƲǗǋȗΘळ ǶǋƲǷǡǷǘ ȗǞƲȗ ȗǞǋ ǁǱȚȐȗǋȍǡǷǘ ǽȚȗȊȚȗ ȐǞǽȚǱǇ ǀǋ ǡǷȐǋǷȐǡȗǡΑǋ ȗǽ ȍƲǇǡƲȗǡǽǷल bǞǋȐǋ

ǋϥǋǁȗȐ Ʋȍǋ ȐǯǋȗǁǞǋǇ ǡǷ $ǡǘȚȍǋ लࣆलࣇ bǞǋ �ǱȚȐȗǋȍǡǷǘ ȍǋǱǡǋȐ ǽǷ ȗǞǋ ǇǋϮǷǡȗǡǽǷ ǽǗ Ʋ ǇǡȐȗƲǷǁǋ ǶǋƲȐȚȍǋ ǀǋॺ

ȗΒǋǋǷ ǽǀǬǋǁȗȐ dij ƲǷǇ ǀǋȗΒǋǋǷ ǽǀǬǋǁȗȐ ƲǷǇ ȗǞǋ ǀǋƲǶ diB ल bǞǋ ƲǱǘǽȍǡȗǞǶ ȊȍǽǁǋǋǇȐ ǡǷ ȗǞǋ ǗǽǱǱǽΒǡǷǘ

ȐȗǋȊȐऴ

लࣂ �ƲǱǁȚǱƲȗǋ {dij} Ǘǽȍ ƲǱǱ ǽǀǬǋǁȗȐ ǡǷ ȗǞǋ ǋΑǋǷȗ

लࣃ �ǋǘǡǷǷǡǷǘ ΒǡȗǞ ȗǞǋ ȐǶƲǱǱǋȐȗ dij ऴ
ǡǗ dij < diB ऴ ȍǋȊǱƲǁǋ ǽǀǬǋǁȗȐ i, j ΒǡȗǞ i+ j ॠΒǞǋȍǋ ȗǞǋ ȐȚǶ ǡȐ ƲǇǇǡȗǡǽǷ ǽǗ ॺǶǽǶǋǷȗȚǶॡࣅ
ǋǱȐǋऴ i ǡȐ Ʋ ǁǱȚȐȗǋȍǋǇ Ǭǋȗळ ȍǋǶǽΑǋ ǡȗ ǗȍǽǶ ȗǞǋ ǁǽǱǱǋǁȗǡǽǷल

लࣄ XǋȊǋƲȗ ǗȍǽǶ ȐȗǋȊ ࣃ ȚǷȗǡǱ ƲǱǱ ǁǱȚȐȗǋȍǋǇ ǽǀǬǋǁȗȐ Ʋȍǋ ȍǋǶǽΑǋǇ

ࣃࣉ



bǞǋ ǇǡȐȗƲǷǁǋ ǶǋƲȐȚȍǋ ǁƲǷ ǀǋ ǇǋϮǷǋǇ ΒǡȗǞ ȗǞǋ ǁǞǽǡǁǋ ǽǗR ƲǷǇ pऴ

dij = ǶǡǷ
(
k2pT,i, k

2p
T,j

) ∆R2
ij

R2
ॠࣇलࣂॡ

diB = k2pT,i, ∆Rij = (yi − yj)
2 + (φ2 − φj)

2 ॠࣇलࣃॡ

bǞǋȍǋ Ʋȍǋ ȗǞȍǋǋ ǶƲǡǷ ǁǞǽǡǁǋȐ Ǘǽȍ pऴ p = 1 ॠkT ॡळ p = 0 ॠ�ƲǶǀȍǡǇǘǋ �ूƲǁǞǋǷॡळ ƲǷǇ k = −1 ॠƲǷȗǡॺkT ॡल

bǞǋȐǋ ȗǞȍǋǋ ǁǞǽǡǁǋȐ ȊȍǽǘȍǋȐȐǡΑǋǱΘ ΘǡǋǱǇ Ƕǽȍǋ ǁǽǷǡǁƲǱǱΘ ȐǞƲȊǋǇ ǁǱȚȐȗǋȍȐ ƲǷǇ ǡǷǁȍǋƲȐǋǇ ȍǽǀȚȐȗǷǋȐȐ ȗǽ

ȐǽǗȗ W�� ǗǋƲȗȚȍǋȐ ǇȚǋ ȗǽ ȗǞǋ ǡǷǁȍǋƲȐǋǇ ǡǶȊǽȍȗƲǷǁǋ ǽǗ ǞƲȍǇ ȍƲǇǡƲȗǡǽǷल bǞǋ ȗΘȊǡǁƲǱ ǁǞǽǡǁǋ ǗǽȍR ǡȐ

ळࣅलࣁ ΒǞǡǁǞ ǡǷ ȗǞǋ ƲǷȗǡॺkT ƲǱǘǽȍǡȗǞǶ ǁƲǷ ǀǋ ǁǽǷȐǡǇǋȍǋǇ ƲȐ ȗǞǋ Ǭǋȗ ΒǡǇȗǞ ȊƲȍƲǶǋȗǋȍल $ǡǘȚȍǋ ࣇलࣇ ȐǞǽΒȐ Ʋ

ǁǽǶȊƲȍǡȐǽǷ ǽǗ ǬǋȗȐ ǁǱȚȐȗǋȍǋǇ ΒǡȗǞ ȗǞǋ ǇǡϥǋȍǋǷȗ ƲǱǘǽȍǡȗǞǶȐल
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Modern Jet Clustering Algorithms

kT
Cambridge- 

Aachen Anti-kT

Clusters low-pT objects first,  
dij dominated by low-pT constituent No preferred pT ordering Clusters high-pT objects first, 

dij dominated by high-pT constituent

)LJXUH ���� ([DPSOHV RI VHTXHQWLDOO\ FOXVWHUHG MHWV DPRQJ WKUHH FRPPRQO\ XVHG DOJRULWKPV

UƲȍȗǡǁǱǋ ϱǽΒ ǬǋȗȐ Ʋȍǋ ǁƲǱǡǀȍƲȗǋǇ ǡǷ ȗǞǋ ǶǽǶǋǷȗȚǶ ȍƲǷǘǋ 20 < pT < 1500%ǋqळ ΒǞǋȍǋ ȗǞǋ

ȊȍǡǶƲȍΘ ƲȗȗȍǡǀȚȗǋȐ ǽǗ ǡǷȗǋȍǋȐȗ Ʋȍǋ ȗǞǋ ƲǀȐǽǱȚȗǋ Ǭǋȗ ǋǷǋȍǘΘ ȐǁƲǱǋ ॠ:�[ॡ ƲǷǇ ȗǞǋ Ǭǋȗ ǋǷǋȍǘΘ ȍǋȐǽǱȚȗǡǽǷ

ॠ:�Xॡल /Ƿ ȗǞǋ ϮȍȐȗ ȐȗǋȊळ ǬǋȗȐ Ʋȍǋ ǁǽȍȍǋǁȗǋǇ Ǘǽȍ ȊǡǱǋॺȚȊ ǁǽǷȗƲǶǡǷƲȗǡǽǷ ȚȐǡǷǘ ȗǞǋ Ǭǋȗ ǘǞǽȐȗॺƲȍǋƲ ȐȚǀȗȍƲǁॺ

ȗǡǽǷ ǶǋȗǞǽǇ ।ࣃࣃࣂळ ॥लࣄࣃࣂ � ǷȚǶǋȍǡǁƲǱ ǡǷΑǋȍȐǡǽǷ ǀƲȐǋǇ ǽǷBǽǷȗǋ �ƲȍǱǽ ȐǡǶȚǱƲȗǡǽǷ ǽǗ ǇǡॺǬǋȗ ǋΑǋǷȗȐ

ǁǽȍȍǋǁȗȐ ȗǞǋ :�[ ȗǽ ǶƲȗǁǞ ȗǞǋ Ǭǋȗ ȍǋȐȊǽǷȐǋ Ʋȗ ȊƲȍȗǡǁǱǋ ǱǋΑǋǱ ।ࣅࣃࣂ॥ल XǋǶƲǡǷǡǷǘ ϱȚǁȗȚƲȗǡǽǷȐ ǡǷ ȗǞǋ

:�[ ƲǷǇ :�X Ʋȍǋ ǁǽȍȍǋǁȗǋǇ ȚȐǡǷǘ ȗǞǋ ǘǱǽǀƲǱ ȐǋȌȚǋǷȗǡƲǱ ǁǽȍȍǋǁȗǡǽǷ ȊȍǽǁǋȐȐ ।ࣆࣃࣂ॥ल /Ƿ ǡȗळ Ʋ ȐǋȌȚǋǷǁǋ

ࣄࣉ



ǽǗ ǶȚǱȗǡȊǱǡǁƲȗǡΑǋ ǁǽȍȍǋǁȗǡǽǷȐ Ʋȍǋ ƲȊȊǱǡǋǇ ȗǽ ǬǋȗȐ ȗǞƲȗ Ʋȍǋ ǋƲǁǞ Ʋ ǗȚǷǁȗǡǽǷ ǽǗ ȗǞǋ Ǭǋȗ pT ƲǷǇ ƲǷǽȗǞǋȍ Ǭǋȗ

ȐȗȍȚǁȗȚȍǋ ΑƲȍǡƲǀǱǋ ॠǋलǘल ƲǶǽȚǷȗ ǽǗ ǋǷǋȍǘΘ ǇǋȊǽȐǡȗǋǇ ǡǷȗǽ ȗǞǋ ǞƲǇȍǽǷǡǁ ǋूǱǋǁȗȍǽǶƲǘǷǋȗǡǁ ǁƲǱǽȍǡǶǋȗǋȍ

ǱƲΘǋȍȐॡ ǀǡǷǷǋǇ ǡǷ η ǽǗ ȗǞǋ Ǭǋȗल $ǡǷƲǱǱΘळ ƲǷ ǡǷॺȐǡȗȚ ǁƲǱǡǀȍƲȗǡǽǷ ȐȗǋȊ ǡȐ ȊǋȍǗǽȍǶǋǇ ȗǽ ǁǽȍȍǋǁȗ Ǘǽȍ ȍǋȐǡǇȚƲǱ

ǶǡȐॺǶƲȗǁǞǋȐ ǡǷ ȗǞǋ :�[ ȗǽ ǇƲȗƲ ȚȐǡǷǘZਭǬǋȗळ γਭǬǋȗळ ƲǷǇ ǶȚǱȗǡॺǬǋȗ ǋΑǋǷȗȐ ।ࣇࣃࣂ॥ल

� ȗǽȗƲǱ ǽǗ ࣆࣇ ȐΘȐȗǋǶƲȗǡǁ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ʋȍǋ ǇǋϮǷǋǇ Ǘǽȍ ȗǞǋ ȍǋǁǽǷȐȗȍȚǁȗǡǽǷ ƲǷǇ ǁƲǱǡǀȍƲȗǡǽǷ Ȋȍǽǁǋॺ

ǇȚȍǋळ ǋƲǁǞ ǽǗ ΒǞǡǁǞ ǡȐ ǞƲǷǇǱǋǇ ǡǷ Ʋ ǱǡǯǋǱǡǞǽǽǇ Ϯȗ ǀΘ Ʋ ǷȚǡȐƲǷǁǋ ȊƲȍƲǶǋȗǋȍ ॠCUॡल bǞǋȐǋ Ȑǋȗ ǽǗ CU Ʋȍǋ

ȍǋǇȚǁǋǇ ȗǽ Ʋ Ȑǋȗ ǽǗ ࣅࣃ ǀƲȐǋǇ ǽǷ Ʋ ȍǋǇȚǁȗǡǽǷ ȐǁǞǋǶǋ ȗǞƲȗ ǁƲȍǋǗȚǱǱΘ ȗȍǋƲȗȐ ȗǞǋ ǁǽȍȍǋǱƲȗǡǽǷȐ ǽǗ ȗǞǋ ǱƲȍǘǋȐȗ

ǋǡǘǋǷǁǽǶȊǽǷǋǷȗȐ ΒǞǡǱǋ ȐǡǶȊǱǡǗΘǡǷǘ ȐȚǀǇǽǶǡǷƲǷȗ ǋǡǘǋǷǁǽǶȊǽǷǋǷȗȐ ΒǡȗǞ ƲȊȊȍǽΗǡǶƲȗǋ ǁǽȍȍǋǱƲȗǡǽǷ

ȐǁǞǋǶǋȐ ।ࣅࣃࣂ॥ल eǷǁǋȍȗƲǡǷȗǡǋȐ Ʋȍǋ ǇǋȍǡΑǋǇ ȐǋȊƲȍƲȗǋǱΘ Ǘǽȍ ǱǡǘǞȗ Ǭǋȗ ƲǷǇ ǞǋƲΑΘ ϱƲΑǽȍ ǬǋȗȐ ƲǷǇ ȚǷǁǋȍȗƲǡǷॺ

ȗǡǋȐ Ʋȍǋ ǇǋȍǡΑǋǇ ǀƲȐǋǇ ǽǷ ȗǞǋ ǇǡϥǋȍǋǷǁǋȐ ǡǷ ȍǋȐȊǽǷȐǋ Ǘǽȍ ȌȚƲȍǯ ƲǷǇ ǘǱȚǽǷॺǡǷǡȗǡƲȗǋǇ ǬǋȗȐल

:ǋȗȐ ǽȍǡǘǡǷƲȗǡǷǘ ǗȍǽǶ bॺȌȚƲȍǯȐ ǽȍ cॺȌȚƲȍǯȐ ॠǡलǋल ǞǋƲΑΘ ϱƲΑǽȍ ǬǋȗȐॡ Ʋȍǋ ǡǇǋǷȗǡϮǋǇ ǀΘ ȗǞǋ ȊȍǋȐǋǷǁǋ ǽǗ Ʋ

ȐǋǁǽǷǇƲȍΘ ΑǋȍȗǋΗ ǡǷ Ʋ Ǭǋȗ ȗǞƲȗ ǡȐ ǁǞƲȍƲǁȗǋȍǡȐȗǡǁ ǽǗ ǞǋƲΑΘB ƲǷǇD ǞƲǇȍǽǷȐঌ ȗǡǶǋ ǽǗ ϱǡǘǞȗल bȍƲǁǯॺǀƲȐǋǇ

ǡǷǗǽȍǶƲȗǡǽǷ ǽǗ ǬǋȗȐ ȍǋǁǽǷȐȗȍȚǁȗǋǇ ΒǡȗǞǡǷ ȗǞǋ /� ǁǽΑǋȍƲǘǋ ǽǗ |η| < 2.5 Ʋȍǋ ȗƲǘǘǋǇ ȚȐǡǷǘ b/cॺȗƲǘǘǡǷǘ

ƲǱǘǽȍǡȗǞǶȐ ।ࣈࣃࣂ॥ल BȚǱȗǡȊǱǋ ƲȊȊȍǽƲǁǞǋȐ Ʋȍǋ ȚȐǋǇऴ ȗǞǋ /Uࣄ� ƲǱǘǽȍǡȗǞǶ ।ࣉࣃࣂ॥ ǡǇǋǷȗǡǗΘ ȗȍƲǁǯȐ ΒǡȗǞ ǱƲȍǘǋ

ǡǶȊƲǁȗ ȊƲȍƲǶǋȗǋȍȐ ȍǋǱƲȗǡΑǋ ȗǽ ȗǞǋ Uq ȚȐǡǷǘ Ʋ �ࣄ ǱǡǯǋǱǡǞǽǽǇ ǋȐȗǡǶƲȗǡǽǷळ ȗǞǋ [qࣂ ƲǱǘǽȍǡȗǞǶ ।࣊ࣃࣂ॥

ƲȗȗǋǶȊȗȐ ȗǽ ȍǋǁǽǷȐȗȍȚǁȗ ƲǱǱ ȐǋǁǽǷǇƲȍΘ ΑǋȍȗǡǁǋȐ ǽǗ Ʋ Ǭǋȗळ ƲǷǇ ȗǞǋ :ǋȗ$ǡȗȗǋȍ ƲǱǘǽȍǡȗǞǶ ।ࣁࣄࣂ॥ ƲȗȗǋǶȊȗȐ ȗǽ

ȍǋǁǽǷȐȗȍȚǁȗ ȗǞǋ ǗȚǱǱ ǇǋǁƲΘ ǁǞƲǡǷ ǽǗ ȗǞǋ bॺ ȗǽ cॺǞƲǇȍǽǷ ǇǋǁƲΘ ǁǞƲǡǷल

bǞǋȐǋ ǱǽΒॺǱǋΑǋǱ ǡǷȊȚȗȐ Ʋȍǋ ǗǋǇ ǡǷȗǽ Ʋ ǇǋǋȊ ǗǋǋǇॺǗǽȍΒƲȍǇ ǷǋȚȍƲǱ ǷǋȗΒǽȍǯ ǁƲǱǱǋǇ ࣂ=� ।ࣉࣃࣂ॥ल bǞǋ

ࣂ=� ƲǱǘǽȍǡȗǞǶ ǡȐ ƲȚǘǶǋǷȗǋǇ ΒǡȗǞ ƲǇǇǡȗǡǽǷƲǱ ǡǷȊȚȗ ǗȍǽǶ ȗǞǋ XCC/U ƲǱǘǽȍǡȗǞǶ ।ࣂࣄࣂ॥ळ ƲǷ ǡǶȊƲǁȗ

ȊƲȍƲǶǋȗǋȍॺǀƲȐǋǇXǡǗȰȣȣǡȍȭ CǡȰȣǈȇ Cǡȭ͐ȓȣȅ XCCॡࢳ ȗǞƲȗ ƲǁǁǽȚǷȗȐ Ǘǽȍ ǡǷȗǋȍॺȗȍƲǁǯ ǁǽȍȍǋǱƲȗǡǽǷȐ ΒǞǋȍǋ

ȗǞǋ /Uࣄ� ƲǱǘǽȍǡȗǞǶ ǇǽǋȐ Ƿǽȗल bǞǋ ƲȚǘǶǋǷȗǋǇ ƲǱǘǽȍǡȗǞǶ ǡȐ ȍǋǗǋȍȍǋǇ ȗǽ ƲȐ ȍࣂ=� ƲǷǇ ǡȐ ȗǞǋ ǱƲȗǋȐȗ ƲǷǇ

ǶǽȐȗ ȊǽΒǋȍǗȚǱ bॺȗƲǘǘǡǷǘ ƲǱǘǽȍǡȗǞǶ ȚȐǋǇ ǀΘ �b=�[ल $ǡǘȚȍǋ ࣈलࣇ ȐǞǽΒȐ ȗǞǋ ȗΘȊǡǁƲǱ ȐǡǘǷƲȗȚȍǋ ǽǗ Ʋ bॺǬǋȗल

ࣅࣉ



,ǋƲΑΘ ϱƲΑǽȍ ȗƲǘǘǡǷǘ ǋϨǁǡǋǷǁǡǋȐ Ʋȍǋ ǁƲǱǡǀȍƲȗǋǇ ȗǽ ǇƲȗƲ ȚȐǡǷǘ ȗǞǋ ǁǞƲȍƲǁȗǋȍǡȐȗǡǁ t → Wb ȗǽȊǽǱǽǘΘ

ǽǗ ǗȚǱǱΘॺǱǋȊȗǽǷǡǁ tt̄ ǋΑǋǷȗȐ ǡǷ ΒǞǡǁǞ ȗǞǋ ǱǋȊȗǽǷǡǁ ǇǋǁƲΘȐ Ʋȍǋ ǽȊȊǽȐǡȗǋ ϱƲΑǽȍ ॠǽǷǋ ǋǱǋǁȗȍǽǷ ƲǷǇ ǽǷǋ

ǶȚǽǷॡ ।ࣈࣃࣂ॥ल BȚǱȗǡȊǱǋ ΒǽȍǯǡǷǘ ȊǽǡǷȗȐ ΒǡȗǞ ϮΗǋǇ bॺǬǋȗ ǋϨǁǡǋǷǁǡǋȐ ॠࣁࣇ੆ळ ੆ळࣁࣈ ੆ळࣈࣈ ƲǷǇ ੆ॡࣆࣉ ΒǡȗǞ

ǇǋǁȍǋƲȐǡǷǘ cॺǬǋȗ ƲǷǇ ǱǡǘǞȗ Ǭǋȗ ȍǋǬǋǁȗǡǽǷ ǗƲǁȗǽȍȐ Ʋȍǋ ƲΑƲǡǱƲǀǱǋल � ȊȐǋȚǇǽॺǁǽǷȗǡǷȚǽȚȐ ǁƲǱǡǀȍƲȗǡǽǷ ǽǗ ȗǞǋȐǋ

ΒǽȍǯǡǷǘ ȊǽǡǷȗȐ ǡȐ ȊǋȍǗǽȍǶǋǇ ȗǽ ƲǱǱǽΒ Ʋ ǶǡΗȗȚȍǋ ǽǗ ȗǞǋȐǋ ΒǽȍǯǡǷǘ ȊǽǡǷȗȐ ȗǽ ǀǋ ȚȐǋǇ ΒǞǡǱǋ ȗƲǯǡǷǘ ǡǷȗǽ

ƲǁǁǽȚǷȗ ȗǞǋ ȊƲȗȗǋȍǷ ǽǗ ǁǽȍȍǋǱƲȗǡǽǷȐ ǀǋȗΒǋǋǷ ȗǞǋ ǋΗǁǱȚȐǡΑǋ ϮΗǋǇ ǋϨǁǡǋǷǁΘ ΒǽȍǯǡǷǘ ȊǽǡǷȗȐल

)LJXUH ���� 'LDJUDP VKRZLQJ WKH FKDUDFWHULVWLF VHFRQGDU\ YHUWH[ DVVRFLDWHG WR D b�KDGURQ GHFD\ ZLWKLQ D MHW

� :ǡȭ qǡȣȭǡ͕ bǈǮǮǡȣ qbॡ:ࢳ ƲǱǘǽȍǡȗǞǶ ।ࣃࣄࣂ॥ ǞƲȐ ǀǋǋǷ ǇǋΑǋǱǽȊǋǇ ǀΘ �b=�[ ȗǽ ǞǋǱȊ ȍǋǬǋǁȗ ǬǋȗȐ ǽȍǡǘǡॺ

ǷƲȗǡǷǘ ǗȍǽǶ ȊǡǱǋॺȚȊ ΑǋȍȗǡǁǋȐ ǡǷ ȗǞǋ ȐƲǶǋ ǀȚǷǁǞ ǁȍǽȐȐǡǷǘल /ȗ ǡȐ ǀƲȐǋǇ ǽǷ ȗǞǋ ǗȍƲǁȗǡǽǷ ǽǗ Ʋ ǬǋȗȐ ȗȍƲǁǯ pT

ȗǞƲȗ Ʋȍǋ ƲȐȐǽǁǡƲȗǋǇ ΒǡȗǞ ǋƲǁǞ Uq ƲǷǇ ȐǡǶǡǱƲȍ ΑƲȍǡƲǀǱǋȐ ȗǞƲȗ ƲǇǇǡȗǡǽǷƲǱ ȗƲǯǋ ǡǷȗǽ ƲǁǁǽȚǷȗ ȗǞǋ ȗǽȗƲǱ Ǭǋȗ

pT ΒǡȗǞ ȊǡǱǋȚȊ ȐȚǀȗȍƲǁȗǡǽǷ ƲǷǇ ȗǞǋ ǇǋȊǋǷǇǋǷǁǋ ǽǷ ȗǽȗƲǱ ǷȚǶǀǋȍ ǽǗ ȗȍƲǁǯȐ ǡǷ ȗǞǋ ǋΑǋǷȗल [ǡǘǷƲǱ Ǭǋȗ

ǋϨǁǡǋǷǁǡǋȐ ǽǗ ੆ࣁ࣊ Ʋȍǋ ƲǁǞǡǋΑǋǇ ΒǡȗǞ Ʋ ȊǡǱǋȚȊ ǗƲǯǋ ȍƲȗǋ ǽǗ ੆लࣃलࣃ [ǋȊƲȍƲȗǋ ǁƲǱǡǀȍƲȗǡǽǷȐ Ʋȍǋ ȊǋȍǗǽȍǶǋǇ

Ǘǽȍ bॺǬǋȗȐळ ƲȐ ȗǞǋ ȊȍǋȐǋǷǁǋ ǽǗ Ʋ ȐǋǁǽǷǇƲȍΘ ΑǋȍȗǋΗ ȍǋȌȚǡȍǋȐ ȐȊǋǁǡƲǱ ȗȍǋƲȗǶǋǷȗ ΒǞǋǷ ƲȐȐǡǘǷǡǷǘ Ǭǋȗ ΑǋȍȗǋΗ

ǗȍƲǁȗǡǽǷȐ ƲǷǇ ȗǞǋ Ǳǡǯǋल

ࣆࣉ



ࣆঢࣇ EӈҲӣӣ
T

CǋȚȗȍǡǷǽȐ Ʋȍǋ ȊȍǽǇȚǁǋǇ ǡǷ ǱǋȊȗǽǷǡǁ ǇǋǁƲΘȐ ǽǗ ȗǞǋ ȗǽȊ ȌȚƲȍǯ ƲǷǇW ǀǽȐǽǷल bǞǋΘ ǁƲȍȍΘ ƲΒƲΘ ȐǽǶǋ

ǗȍƲǁȗǡǽǷ ǽǗ ȗǞǋ ǋΑǋǷȗȐ ȗǽȗƲǱ ǋǷǋȍǘΘ ƲȐ ȗǞǋΘ ǋΗǡȗ ȗǞǋ �b=�[ Ǉǋȗǋǁȗǽȍ ΒǡȗǞǽȚȗ ǡǷȗǋȍƲǁȗǡǽǷल sǞǡǱǋ ȗǞǋ

ȗǽȗƲǱ ǶǽǶǋǷȗȚǶ ǽǗ ȗǞǋ ǞƲȍǇ ȐǁƲȗȗǋȍǡǷǘ ǡǷȗǋȍƲǁȗǡǽǷ ƲǱǽǷǘ ȗǞǋ ǀǋƲǶ ƲΗǡȐ ǡȐ ȚǷǯǷǽΒǷ ǇȚǋ ȗǽ ȗǞǋ Ȋȍǽॺ

ȗǽǷ U�$ळ ȗǞǋ ȗǽȗƲǱ ȗȍƲǷȐΑǋȍȐǋ ǶǽǶǋǷȗȚǶ ǡȐ ǁǽǷȐȗȍƲǡǷǋǇ ȗǽ Νǋȍǽल bǞǋ ǶǡȐȐǡǷǘ ȗȍƲǷȐΑǋȍȐǋ ǋǷǋȍǘΘ ǁƲǷ

ǀǋ ȍǋǁǽǷȐȗȍȚǁȗǋǇ ƲȐ ȗǞǋ ǷǋǘƲȗǡΑǋ ȐȚǶ ǽǗ ƲǱǱ ΑǡȐǡǀǱǋ pT ऴ

%ET
ǶǡȐȐ ≡ −

∑

j∈ ǽǀǬǋǁȗȐ

%pT,j −
∑

j∈ ȐǽǗȗ

%pT,j ॠࣇलࣄॡ

ΒǞǋȍǋ ǞƲȍǇ ǽǀǬǋǁȗȐ Ʋȍǋ ǗȚǱǱΘ ǁƲǱǡǀȍƲȗǋǇ ȍǋǁǽǷȐȗȍȚǁȗǋǇ ǽǀǬǋǁȗȐ ॠǬǋȗȐळ ǱǋȊȗǽǷȐळ ȊǞǽȗǽǷȐॡ ƲǷǇ ȗǞǋ ȐǽǗȗ

ȗǋȍǶ ǁƲȊȗȚȍǋȐ ǱǽΒॺǶǽǶǋǷȗȚǶ ȗȍƲǁǯȐ ƲȐȐǽǁǡƲȗǋǇ ȗǽ ȗǞǋ ǞƲȍǇॺȐǁƲȗȗǋȍ Uq ȗǞƲȗ Ʋȍǋ Ƿǽȗ ȍǋǁǽǷȐȗȍȚǁȗǋǇ

ƲȐ ȊƲȍȗ ǽǗ ƲǷ ǽǀǬǋǁȗ ।ࣄࣄࣂ॥ल �Ƿ ǽΑǋȍǱƲȊ ȍǋǶǽΑƲǱ ȊȍǽǁǋǇȚȍǋ ǡȐ ǇǋϮǷǋǇ ȗǽ ȍǋǶǽΑǋ ǇǽȚǀǱǋॺǁǽȚǷȗǋǇ

ȗȍƲǁǯȐ ǡǷ ȗǞǋ ǞƲȍǇ ȗǋȍǶल bǞǋ Αǋǁȗǽȍ ȌȚƲǷȗǡȗΘ %ET
ǶǡȐȐ

ǁƲǷ ƲǱȐǽ ǀǋ ΒȍǡȗȗǋǷ Ǳǡǯǋ (EǶǡȐȐ
T ,φ) ȐǡǷǁǋ ǡȗ ǡȐ

ǁǽǷȐȗȍƲǡǷǋǇ ǡǷ ȗǞǋ ȗȍƲǷȐΑǋȍȐǋ ǇǡȍǋǁȗǡǽǷल bǞǋEmiss
T ȐǁƲǱǋ ǡȐ ǁƲǱǡǀȍƲȗǋǇ ǡǷZ → µµ ǇǋǁƲΘȐळ ΒǞǋȍǋ ΑƲǱȚǋ

ǽǗEmiss
T ȊȍǽǬǋǁȗǋǇ ƲǱǽǷǘ ȗǞǋ ȊȍǋǁǡȐǋǱΘ ȍǋǁǽǷȐȗȍȚǁȗǋǇ %pT Z ƲΗǡȐ ǞƲȐ Ʋ Νǋȍǽ ǋΗȊǋǁȗƲȗǡǽǷ ΑƲǱȚǋ Ǘǽȍ ȚǷǀǡॺ

ƲȐǋǇEmiss
T ȍǋǁǽǷȐȗȍȚǁȗǡǽǷल � ȐΘȐȗǋǶƲȗǡǁ ȚǷǇǋȍǋȐȗǡǶƲȗǋ ǽǗ ȗǞǋ ȐǽǗȗ ȗǋȍǶ ǡȐ ǋΗȊǋǁȗǋǇ ॠƲǷǇ ǁǽȍȍǋǁȗǋǇ

Ǘǽȍॡ ȐǡǷǁǋ ǷǋȚȗȍƲǱ ȊƲȍȗǡǁǱǋȐळ ǁǞƲȍǘǋǇ ȊƲȍȗǡǁǱǋȐ ΒǡȗǞ |η| > 2.5ळ ƲǷǇ ǁǞƲȍǘǋǇ ȊƲȍȗǡǁǱǋȐ ΒǡȗǞ pT < 500

Bǋq ǽȍ Ȋǽǽȍ ȌȚƲǱǡȗΘ Ʋȍǋ Ƿǽȗ ȍǋǁǽǷȐȗȍȚǁȗǋǇल bǞǋEmiss
T ȍǋȐǽǱȚȗǡǽǷ ǡȐ ǶǋƲȐȚȍǋǇ ǡǷW → eν ǽȍ tt̄

ǋΑǋǷȗȐ ॠΒǞǋȍǋ ȗȍȚǋEmiss
T > 0ॡ ƲǷǇ ǡǷZ → µµ ǋΑǋǷȗȐ ॠΒǞǋȍǋ ȗȍȚǋEmiss

T = 0ॡ ।ࣄࣄࣂ॥ल XǋȐǽǱȚॺ

ȗǡǽǷ ǇǋǁȍǋƲȐǋȐ ǘȍƲǇȚƲǱǱΘ ƲȐ Ʋ ǗȚǷǁȗǡǽǷ ǽǗ 〈µ〉 ǀȚȗ ǡȐ ǇȍǡΑǋǷ ȊȍǡǶƲȍǡǱΘ ǀΘ Ǭǋȗ ȍǋȐǽǱȚȗǡǽǷळ ǱǋƲǇǡǷǘ ȗǽ ȗǞǋ

ǘǋǷǋȍƲǱ ǇǋȊǋǷǇǋǷǁǋ ǽǗEmiss
T ǽǷHT ≡

∑
ET ǽǗ σ(Emiss

T ) ∝
√
HT ल

$ǽȍ ȊȍǽǇȚǁȗǡǽǷ ȊȍǽǁǋȐȐǋȐ Ǳǡǯǋ ȐǋǶǡॺǱǋȊȗǽǷǡǁ ƲǷǇ ǗȚǱǱΘॺǱǋȊȗǽǷǡǁ tt̄ ȊȍǽǇȚǁȗǡǽǷळEǶǡȐȐ
T ǁƲǷ ǀǋ ƲȐॺ

ࣇࣉ



ȐǡǘǷǋǇ ȚǷƲǶǀǡǘȚǽȚȐǱΘ ȗǽ ȚȊ ȗǽ ࣃ ǷǋȚȗȍǡǷǽȐ ȚȐǡǷǘMt ƲǷǇMW ǶƲȐȐ ǁǽǷȐȗȍƲǡǷȗȐ ǡǷ Ʋ ǯǡǷǋǶƲȗǡǁ

ǱǡǯǋǱǡǞǽǽǇ ॠ<=ॡ Ϯȗ ।ࣅࣄࣂ॥ल bǞǋ ǶǋƲȐȚȍǋǶǋǷȗ ǽǗ tt̄W ǁƲǷǷǽȗ ȚȗǡǱǡΝǋ Ʋ <= Ϯȗ ǀǋǁƲȚȐǋ ȗǞǋ ǇǋǁƲΘ ǯǡǷǋॺ

ǶƲȗǡǁȐ ȚǷǇǋȍॺǁǽǷȐȗȍƲǡǷ ȗǞǋ ƲȐȐǡǘǷǶǋǷȗ ǽǗEǶǡȐȐ
T ȗǽ ࣃ ǽȍ ࣄ ǷǋȚȗȍǡǷǽȐ ǡǷ ȗǞǋ ϮǷƲǱ ȐȗƲȗǋल

ࣈࣉ
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7
UǞǋǷǽǶǋǷǽǱǽǘΘ ǽǗ tt̄W UȍǽǇȚǁȗǡǽǷ

bǞǋ ǽǷǱΘ $ǋΘǷǶƲǷ ǇǡƲǘȍƲǶ ȗǞƲȗ ǋǷȗǋȍȐ ǡǷȗǽ tt̄W ȊȍǽǇȚǁȗǡǽǷ ǡǷ pp ǁǽǱǱǡȐǡǽǷȐ Ʋȗ ǱǋƲǇǡǷǘ ǽȍǇǋȍ ॠ=Hॡ

ǡǷ W�� ǁǽȍȍǋȐȊǽǷǇǡǷǘ ȗǽO(α2
sα) ǡȐ ȐǞǽΒǷ ǡǷ $ǡǘȚȍǋ लࣂलࣈ [ǡǷǁǋ ȗǞǋ ǽǷǱΘ ƲΑƲǡǱƲǀǱǋ ǡǷǡȗǡƲǱ ȐȗƲȗǋ Ǘǽȍ

tt̄W+ ॠtt̄W−ॡ Ʋȗ =H ǡȐ ud̄ ॠdūॡ ƲǷǇ ȗǞǋ ΑƲǱǋǷǁǋ ȌȚƲȍǯ ǁǽǷȗǋǷȗ ǽǗ ȗǞǋ ȊȍǽȗǽǷ ǡȐ uudळ ȗǞǋ ȍƲȗǡǽ ǽǗ

W+ ȗǽW− ȊȍǽǇȚǁȗǡǽǷ ǡȐ ȍǽȚǘǞǱΘ लࣂऴࣃ /Ƿ ǱǡǘǞȗ ǽǗ ȗǞǋ ǶȚǱȗǡॺǱǋȊȗǽǷ ǋΗǁǋȐȐǋȐ ȗǞƲȗ ǞƲΑǋ ǀǋǋǷ ǇǡȐǁȚȐȐǋǇ

ǡǷ �ǞƲȊȗǋȍ ळࣃ ǶƲǷΘ ȐȗȚǇǡǋȐ ǽǗ tt̄W ȊǞǋǷǽǶǋǷǽǱǽǘΘ ƲǷǇ ǶǽǇǋǱǡǷǘ ǞƲΑǋ ǀǋǋǷ ȊȚǀǱǡȐǞǋǇ ǽΑǋȍ ȗǞǋ

ǱƲȐȗ ǗǋΒ ΘǋƲȍȐल bǞǡȐ ǁǞƲȊȗǋȍ ΒǡǱǱ ǘǡΑǋ ƲǷ ǽΑǋȍΑǡǋΒ ǽǗ C=H ǋϥǋǁȗȐ ।ࣆࣄࣂळ ळࣇࣄࣂ ळࣈࣄࣂ ळࣆࣂ ळࣉࣄࣂ ॥ळ࣊ࣄࣂ ǽϥॺ

ȐǞǋǱǱ ǋϥǋǁȗȐ ।ࣁࣅࣂळ ॥ळࣂࣅࣂ ǁƲǱǁȚǱƲȗǡǽǷȐ Ʋȗ C=HਭCC==W�� ।ࣈࣂ॥ळ �$b ǡǷȗǋȍȊȍǋȗƲȗǡǽǷȐ ।ࣇࣂ॥ळ ƲǷǇ

࣊ࣉ



ǁǞƲȍǘǋ ƲȐΘǶǶǋȗȍǡǋȐ ।ࣄࣂ॥ ƲǷǇ ΒǡǱǱ ȊȍǋȐǋǷȗ ȗǞǋ ǶǽǇǋǱǡǷǘ ǽǗ tt̄W ΒǡȗǞB� ȐƲǶȊǱǋȐ ȚȐǋǇ ΒǡȗǞǡǷ ȗǞǋ

ǇǡϥǋȍǋǷȗǡƲǱ ǶǋƲȐȚȍǋǶǋǷȗ ǡǷ ΑǡǋΒ ǽǗ ȗǞǋȐǋ ȗǞǋǽȍǋȗǡǁƲǱ ȐȗȚǇǡǋȐल UȍǽǁǋǋǇǡǷǘȐ ȗǞƲȗ ȐȚǶǶƲȍǡΝǋ ȐǽǶǋ

ƲȐȊǋǁȗȐ ǽǗ ȗǞǡȐ ǀǽǇΘ ǽǗ Βǽȍǯ ǁƲǷ ǀǋ ǗǽȚǷǇ ǡǷ ।ࣃࣅࣂळ ळࣄࣅࣂ ॥लࣅࣂ

These values2 result from using the LO total cross sections
in the denominator of Eq. (1). This is justified by the fact
that, at the one-loop level, the asymmetry is a LO effect.
Using the NLO total cross section, which is ⇠ 50% larger
than the LO one, the calculated asymmetries would be re-
duced to ⇠ 2/3 of the above values. We believe that, in
absence of a complete NLO calculation of At

c
, the differ-

ence between the use of LO and NLO cross sections in the
denominator of Eq. (1) should be included in the estimate
of the overall theoretical uncertainty. Should the true SM
value of At

c
end up being closer to the smaller values ob-

tained using the NLO cross sections (e.g. At
c
⇠ 0.004 atp

s = 14 TeV), a robust and accurate measurement will be
a hard experimental challenge.

Alternative observables are known to enhance the size
of the asymmetry. For example, Ref. [13] estimates that
the asymmetry can increase by a factor of 2-3 placing
proper cuts on the invariant mass of the tt̄ system. The
smaller rates due to the extra cuts will be compensated by
the much larger statistics to become avilable at 13-14 TeV.
But the theoretical systematics will, by and large, remain
correlated with those of the predictions for the underlying
fully inclusive At

c
.

In this work, we therefore consider an alternative pro-
duction mechanism for top quark pairs, which can pro-
vide a complementary handle for the determination of the
SM charge asymmetry, as well as an independent probe
of possible BSM sources of a deviation from the SM re-
sult. The mechanism we propose is the production of a tt̄
pair in association with a W boson (Fig. 1). This produc-
tion process is indeed quite peculiar. At the LO in QCD
it can only occur via a qq̄ annihilation, and no contribu-
tion from gluons in the initial states is possible. This is
at variance with respect to tt̄Z or tt̄�, where the vector
boson can also couple to the top quark in the subprocess
gg ! tt̄. As it can be seen from Fig. 1, tt̄W± can be sim-
ply thought of as the standard qq̄ ! tt̄ LO diagram, with
the W± emitted from the initial state. At the NLO, the qg
channels can open up, yet the gluon-gluon fusion produc-
tion is not accessible until NNLO. As in qq̄ ! tt̄ the top
and the anti-top are produced symmetrically at LO and
an asymmetry arises only starting at NLO due to interfer-
ence effects. As we will show in the following, the absence
of the symmetric gluon-gluon channel makes the resulting
asymmetry significantly larger than in tt̄ production.
The second key feature of tt̄W± is that the emission of
the W boson from the initial state acts as a polarizer for
quark and anti-quarks, effectively leading to the produc-
tion of polarized top and anti-top quarks. In other words,
the W -boson emission makes the production of a tt̄ pair
similar to that in polarized e+e� collisions [21, 22, 23, 24].
As a result, the decay products of the top and anti-top dis-
play very asymmetrical distributions in rapidity already at

2The asymmetries for higher beam energies are determined in
Ref. [13] to be At

c,y(8 TeV) = 0.0111 ± 0.0004 and At
c,y(14 TeV) =

0.0067± 0.0004.

Figure 1: Feynman diagrams for the tt̄W± production at leading
order in QCD.

tt̄ LO+PS NLO NLO+PS

�(pb) 128.8+35%
�24% 198+15%

�14%

At
c (%) 0.07± 0.03 0.61+0.10

�0.08 0.72+0.14
�0.09

Table 1: Total cross sections and the asymmetry At
c for pp ! tt̄,

calculated at NLO fixed order, LO+PS, and NLO+PS at 8 TeV.
The quoted uncertainties are estimated with scale variations, except
for LO+PS At

c where they are from MC statistics. For the NLO
(+PS) At

c MC uncertainties are less than 0.1 (absolute value in %).

the leading order. We shall call this the EW component of
the asymmetry. In new physics scenarios, the emission of a
W boson might also act as a discriminator of the chirality
structure of new interactions, such as that of an axigluon
with light quarks, as already advocated in different stud-
ies [25, 26, 27].

Results at the NLO and NLO+PS for the processes
tt̄V (V = W±, Z) have appeared in the literature [28, 29,
30, 31, 32, 33, 34] yet no special attention has been given
to asymmetries, whether EW or QCD. The effect on the
asymmetry due to the emission of a photon has been re-
cently studied in Ref. [35]. Measurements of total rates are
also becoming available from the LHC experiments [36].

The plan of this article is as follows. In Section 2 we
present the predictions, at NLO in QCD, (with and with-
out including parton shower and hadronization effects) for
At

c
in both tt̄ and tt̄W± production, and, in the latter

case, for the asymmetries of the decay products Ab
c

and
A`

c
. In Section 3, we compare the SM predictions to a

simple benchmark model featuring an axigluon compati-
ble with the Tevatron AFB measurements, along the lines
of what done in Ref. [37], to illustrate the peculiar dis-
criminating power of tt̄W±. In the final section we discuss
the prospects at present and future colliders and present
our conclusions. In Appendix A, we review the main fea-
tures of the polarized qq̄ annihilation into tt̄, highlighting
the close similarity of angular distributions with those pre-
dicted in qq̄ ! tt̄W±.

2. tt̄ and tt̄W±
at NLO and NLO+PS

In order to study the top charge asymmetry at NLO for
both tt̄ and tt̄W±, we employ MadGraph5_aMC@NLO,
a framework [38] which allows to automatically generate
the code needed to compute the cross section and any

2

)LJXUH ���� /HDGLQJ RUGHU )H\QPDQ GLDJUDPV IRU tt̄W± SURGXFWLRQ DW WKH /+& >��@

ࣂঢࣈ �ҟӾӐӉқ =ҟ҇қҲӉҪ Hӟқҟӟ

�ǽǷȗȍǡǀȚȗǡǽǷȐ ǀǋΘǽǷǇ =H ǡǷ W�� ǁƲǷ ǀǋ ȐȚǶǶƲȍǡΝǋǇ ƲȐ ǗǽǱǱǽΒȐऴ

σC=HW��ਭ�s = σ=HW��︸ ︷︷ ︸
O(α2

sα)

+ δσC=HW��︸ ︷︷ ︸
O(α3

sα)

+ δσ�s︸ ︷︷ ︸
O(α3), O(αsα3)

ॠࣈलࣂॡ

bǞǋȐǋ ǁǽǷȗȍǡǀȚȗǡǽǷȐ ȗǽ tt̄W ȊȍǽǇȚǁȗǡǽǷ ǋǷȗǋȍǡǷǘ ǡǷ Ʋȗ ΑƲȍǡǽȚȐ ǽȍǇǋȍȐ ǡǷ αs ƲǷǇ α Ʋȍǋ ȐȚǶǶƲȍǡΝǋǇ

ǡǷ $ǡǘȚȍǋ लࣃलࣈ sǽȍǯǡǷǘ ȗǞȍǽȚǘǞ ȗǞǋȐǋ ȗǋȍǶȐ ȐΘȐȗǋǶƲȗǡǁƲǱǱΘळ Βǋ ǀǋǘǡǷ ǀΘ ǷǽȗǡǷǘ ȗǞǋ =HW�� ȗǋȍǶ

ǇǋȐǁȍǡǀǋǇ ƲǀǽΑǋल bǞǋ ǶǡΗǋǇ =H ȗǋȍǶO(αsα2) ǇǽǋȐ Ƿǽȗ ǁǽǷȗȍǡǀȚȗǋ ȐǡǷǁǋ Ƿǽ ǇǡƲǘȍƲǶȐ ǁƲǷ ǀǋ ǇȍƲΒǷ

Ǘǽȍ ǡȗल � ȍǋȊȍǋȐǋǷȗƲȗǡΑǋ =H �s ǇǡƲǘȍƲǶ ƲȗO(α3) ǡȐ ȐǞǽΒǷ ǡǷ $ǡǘȚȍǋ ळࣄलࣈ ΒǞǋȍǋ ȗǞǋ ǘǱȚǽǷ ǡȐ ȍǋॺ

ȊǱƲǁǋǇ ǀΘ γ/Z ल bǞǋȍǋ ǡȐ Ƿǽ ǡǷȗǋȍǗǋȍǋǷǁǋ ǀǋȗΒǋǋǷ ȗǞǋ ǷǽǷॺΑƲǷǡȐǞǡǷǘ =H ǇǡƲǘȍƲǶȐ ȐǡǷǁǋ ȗǞǋ tt̄ ǡȐ Ʋ

ǁǽǱǽȍ ǽǁȗǋȗ ॠȐǡǷǘǱǋȗॡ ǡǷ ȗǞǋ =HW�� ॠ�sॡ ȊȍǽǇȚǁȗǡǽǷल

bǞǋ ǶǽȐȗ ǇǽǶǡǷƲǷȗ C=H ǁǽǷȗȍǡǀȚȗǡǽǷ ǁǽǶǋȐ ƲȗO(α3
sα)ळ ǇǋȊǡǁȗǋǇ ǡǷ $ǡǘȚȍǋ लࣄलࣈ bǋȍǶȐ Ʋȗ

O(α2
sα

2) Ʋϥǋǁȗ tt̄W ȊȍǽǇȚǁȗǡǽǷ ǽǷǱΘ ȗǞȍǽȚǘǞ ȗǞǋ ȊȍǽǇȚǁȗǡǽǷ ǽǗ ƲǷ ƲǇǇǡȗǡǽǷƲǱ ǞǋƲΑΘ ǀǽȐǽǷ ।ࣈࣄࣂ॥ळ

ࣁ࣊



ΒǞǡǁǞ ǡȐ Ƿǽȗ ǽǷǱΘ Ʋ ΑǋȍΘ ȐǶƲǱǱ ǋϥǋǁȗ ǀȚȗ ǡȐ Ʋ ȐǋȊƲȍƲǀǱǋ ȊǞΘȐǡǁƲǱ ȊȍǽǁǋȐȐल /ȗ ǡȐ ȗǞǋȍǋǗǽȍǋ ǘǋǷǋȍƲǱǱΘ Ƿǋॺ

ǘǱǋǁȗǋǇल bǋȍǶȐ ƲȗO(αsα3) ǞƲǇ ǡǷǡȗǡƲǱǱΘ ǀǋǋǷ ȗǞǽȚǘǞȗ ȗǽ ǀǋ ǷǋǘǱǡǘǡǀǱΘ ȐǶƲǱǱ ।ࣇࣄࣂ॥ळ ǀȚȗ ǱƲȗǋȍ Βǽȍǯ

ǡǷǇǡǁƲȗǋǇ ȗǞƲȗ ȗǞǡȐ ǶƲΘ Ƿǽȗ ǀǋ ȗǞǋ ǁƲȐǋ ǇȚǋ ȗǽ ǡǷȗǋȍǷƲǱ tW → tW ȐǁƲȗȗǋȍǡǷǘ ।ࣆࣂ॥व ȗǞǡȐ ȐȚǀǬǋǁȗ ǡȐ

ǋǱƲǀǽȍƲȗǋǇ ǀǋǱǽΒल $ǡǷƲǱǱΘळ ȗǋȍǶȐ ƲȗO(α4) ǞƲΑǋ ǀǋǋǷ ȐǞǽΒǷ ȗǽ ǀǋ ȐǶƲǱǱळ ƲȐ ǋΗȊǋǁȗǋǇ ǀΘ ȗǞǋ 1/α

ȐȚȊȊȍǋȐȐǡǽǷ ȍǋǱƲȗǡΑǋ ȗǽO(α3)ळ ȊȍǡǶƲȍǡǱΘ ǁǽǶǡǷǘ ǗȍǽǶ qq̄′ → tt̄Wγ ।ࣆࣂ॥ल bǞǋO(α4) ȗǋȍǶȐ Ʋȍǋ

ȗǞǋȍǋǗǽȍǋ ǘǋǷǋȍƲǱǱΘ ǷǋǘǱǋǁȗǋǇल

Parton shower e�ects in CC̄,
± production at NLO QCD Manfred Kraus

1. Introduction

Top-quark pair production in association with a , gauge boson is one of the rarest scattering
processes in the Standard Model (SM). Nonetheless, it has received much attention recently as it
constitutes a large background to many SM measurements and searches for physics beyond the
Standard Model (BSM). Most notably, the ?? ! CC̄,

± process is the dominant background for SM
measurements of the CC̄� and of the four top-quark production process in the multi-lepton signatures.
However, in both cases, recent measurements of the CC̄, background contributions reveal tensions
with the SM predictions [1].

In recent years a lot of progress has been made to improve the theoretical description of the
?? ! CC̄,

± process. For instance, NLO QCD and electroweak (EW) corrections for predictions
based on stable top-quarks are already known for some time [2–5]. Furthermore, the impact of
threshold resummation on total cross sections and di�erential distributions has been studied in
Refs. [6–10]. In addition, also the NLO QCD corrections to the decay in the NWA has been
studied [11] as well as the inclusion of o�-shell e�ects and non-resonant contributions has been
addressed for the first time in Refs. [12–14] for the dominant QCD production mode as well as for
the full one-loop SM corrections in Ref. [15]. Furthermore, the process has been matched to parton
showers [16–18] and e�ects from multi-jet merging have been studied [19–21] as well. Also the
approximate inclusion of full o�-shell e�ects in parton-shower matched calculations of on-shell
CC̄, has been investigated in Ref. [22].

In the following, we present results for theoretical predictions for the ?? ! CC̄,
± process at

O(U
3
BU) and O(UBU

3
) matched to parton showers via the P�����-B�� framework.

2. Outline of the calculation
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Figure 1: The structure of higher-order corrections for the production of the ?? ! CC̄,
± final state.

In Fig. 1 the di�erent perturbative orders that contribute to the ?? ! CC̄,
± process up to the

one-loop level are depicted. At the leading order only the order O(U
2
BU) and O(U

3
) contribute,

which correspond to the squared QCD and EW born matrix elements. The interference at O(UBU
2
)

vanishes due to color conservation, which allows to identify at the next-to-leading order the terms
at O(U

3
BU) and OUBU

3
) as pure QCD corrections, while the contributions at O(U

2
BU

2
) are mixed

QCD-EW and O(U
4
) are pure EW corrections.

Our calculation takes into account the dominant higher-order corrections at the perturbative
ordersO(U

3
BU) andO(UBU

3
). The implementation of the dominant QCD corrections in the P�����-

B�� is based on virtual amplitudes provided via NLOX [23, 24]. We compare results obtained

2

)LJXUH ���� 6XPPDU\ RI FRQWULEXWLRQV FRQVLGHUHG IRU FDOFXODWLRQV RI tt̄W± LQFOXVLYH FURVV VHFWLRQ >��@

q̄

W±q�

t̄

t

1

q̄

W±

Z/�

q�

t̄

t

2

Figure 1. Representative diagrams for the Born q̄q0 ! tt̄W± amplitude. The left diagram is of
O(↵s↵1/2), the right one is of O(↵3/2).

q̄

W±

q̄�

t̄

t

3

t̄

t

W±

H

q̄ q̄�

4

Figure 2. Representative diagrams for the q̄g ! tt̄W±q̄0 real-emission amplitudes. The left
diagram is of O(↵3/2

s ↵1/2) and leads to log2(p2T (tt̄)/m
2

W ) terms in the NLO1 contribution. The
right one is of O(↵1/2

s ↵3/2), involves the tW ! tW scattering and contributes to the NLO3.

In a similar fashion the NLO corrections and their single perturbative orders can be defined
as

⌃tt̄W
±

NLO (↵s,↵) = ↵3

s↵⌃
tt̄W

±
4,0 + ↵2

s↵
2⌃tt̄W

±
4,1 + ↵s↵

3⌃tt̄W
±

4,2 + ↵4⌃tt̄W
±

4,3

⌘ ⌃NLO1
+ ⌃NLO2

+ ⌃NLO3
+ ⌃NLO4

, (2.5)

⌃tt̄tt̄

NLO(↵s,↵) = ↵5

s⌃
tt̄tt̄

5,0 + ↵4

s↵
1⌃tt̄tt̄

5,1 + ↵3

s↵
2⌃tt̄tt̄

5,2 + ↵2

s↵
3⌃tt̄tt̄

5,3 + ↵1

s↵
4⌃tt̄tt̄

5,4 + ↵5⌃tt̄tt̄

5,5

⌘ ⌃NLO1
+ ⌃NLO2

+ ⌃NLO3
+ ⌃NLO4

+ ⌃NLO5
+ ⌃NLO6

. (2.6)

In the following we will use the symbols ⌃(N)LOi
or interchangeably their shortened

aliases (N)LO
i
for referring to the different perturbative orders. Clearly the ⌃(N)LOi

terms
in tt̄W± production, eqs. (2.3) and (2.5), and in tt̄tt̄ production, eqs. (2.4) and (2.6), are
different quantities. One should bear in mind that, usually, with the term “LO” one refers
only to LO1, which here we will also denote as LOQCD, while an observable at NLO QCD
accuracy is ⌃LO1

+⌃NLO1
, which we will also denote as LOQCD +NLOQCD. The so-called

NLO EW corrections which are of O(↵) w.r.t. the LO1, are the ⌃NLO2
terms, so we will also

denote it as NLOEW. Since in this article we will use the (N)LO
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notation, the term “LO”
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denoted as “LO +NLO”.

We now turn to the description of the structures underlying the calculation of tt̄W±

and tt̄tt̄ predictions at complete-NLO accuracy. We start with tt̄W± production, which is
in turn composed by tt̄W+ and tt̄W� production, and then we move to tt̄tt̄ production.

– 5 –

q̄

W±q�

t̄

t

1

q̄

W±

Z/�

q�

t̄

t

2

Figure 1. Representative diagrams for the Born q̄q0 ! tt̄W± amplitude. The left diagram is of
O(↵s↵1/2), the right one is of O(↵3/2).

q̄

W±

q̄�

t̄

t

3

t̄

t

W±

H

q̄ q̄�

4

Figure 2. Representative diagrams for the q̄g ! tt̄W±q̄0 real-emission amplitudes. The left
diagram is of O(↵3/2

s ↵1/2) and leads to log2(p2T (tt̄)/m
2

W ) terms in the NLO1 contribution. The
right one is of O(↵1/2

s ↵3/2), involves the tW ! tW scattering and contributes to the NLO3.

In a similar fashion the NLO corrections and their single perturbative orders can be defined
as

⌃tt̄W
±

NLO (↵s,↵) = ↵3

s↵⌃
tt̄W

±
4,0 + ↵2

s↵
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and tt̄tt̄ predictions at complete-NLO accuracy. We start with tt̄W± production, which is
in turn composed by tt̄W+ and tt̄W� production, and then we move to tt̄tt̄ production.

– 5 –

)LJXUH ���� 5HSUHVHQWDWLYH )H\QPDQ GLDJUDPV IRU tt̄W SURGXFWLRQ DWO(α3) �OHIW� DQGO(α3
sα) �ULJKW� >��@�

1/2 WHUPV DUH FRQQHFWHG WR /2 WHUPV IURPZKLFK WKH\ UHFHLYH D IDFWRU RIαs �4&' OLQH� RUα �(: OLQH��

7DEOH ���� ,QFOXVLYH FURVV VHFWLRQV IRU tt̄W± DW
√
s = 13 7H9 >���@

160 I.6.7. tt̄Z and tt̄W± production

σ
N

L
O

(m
H

) 
  
[p

b
]

 

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

tH s-channel production at the LHC13

NLO cross section, 5-flavour scheme

Central scale µ0=(mH+mt)/2

PDF4LHC15 NLO Hessian 30+2 (PDF+αs) replicas

M
ad

G
ra

p
h
5
_
aM

C
@

N
L

O
  
 f

o
r 

  
H

X
S

W
G

 Y
R

4

σ
N

L
O

(m
H

) 
  
[p

b
]

tH + t-H (w/ tot. unc.)

tH

t-H

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

tH s-channel production at the LHC13

NLO cross section, 5-flavour scheme

Central scale µ0=(mH+mt)/2

PDF4LHC15 NLO Hessian 30+2 (PDF+αs) replicas

M
ad

G
ra

p
h
5
_
aM

C
@

N
L

O
  
 f

o
r 

  
H

X
S

W
G

 Y
R

4

 

  1.0

  1.1

  1.2

  1.3

  1.4 NLO/LO K factor

 -0.10

 -0.05

 0.00

 0.05

 0.10 Relative scale uncertainty     1/2 < µR,F/µ0 < 2 , 1/2 < µR/µF < 2

mH [GeV]

 -0.10

 -0.05

 0.00

 0.05

 0.10

10 100 1000

Relative PDF+αs uncertainty

σ
N

L
O

(m
H

) 
  
[p

b
]

 

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

tH s-channel production at the LHC14

NLO cross section, 5-flavour scheme

Central scale µ0=(mH+mt)/2

PDF4LHC15 NLO Hessian 30+2 (PDF+αs) replicas

M
ad

G
ra

p
h
5
_
aM

C
@

N
L

O
  
 f

o
r 

  
H

X
S

W
G

 Y
R

4

σ
N

L
O

(m
H

) 
  
[p

b
]

tH + t-H (w/ tot. unc.)

tH

t-H

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

tH s-channel production at the LHC14

NLO cross section, 5-flavour scheme

Central scale µ0=(mH+mt)/2

PDF4LHC15 NLO Hessian 30+2 (PDF+αs) replicas

M
ad

G
ra

p
h
5
_
aM

C
@

N
L

O
  
 f

o
r 

  
H

X
S

W
G

 Y
R

4

 

  1.0

  1.1

  1.2

  1.3

  1.4 NLO/LO K factor

 -0.10

 -0.05

 0.00

 0.05

 0.10 Relative scale uncertainty     1/2 < µR,F/µ0 < 2 , 1/2 < µR/µF < 2

mH [GeV]

 -0.10

 -0.05

 0.00

 0.05

 0.10

10 100 1000

Relative PDF+αs uncertainty

Figure 91: Cross sections for s-channel tH and t̄H production in the extended Higgs boson mass range.

Table 40: Inclusive tt̄V cross sections at NLO QCD and NLO QCD+EW accuracy for
p

s = 13 TeV. NLO
QCD+EW results represent the best predictions and should be used in experimental analyses. Scale, PDF, and ↵s

uncertainties are quoted in per cent. Absolute statistical uncertainties are indicated in parenthesis. We also quote
the NLO QCD+EW tt̄W� + tt̄W+ combined cross sections where correlation effects have been consistently
included in the estimate of the corresponding uncertainties. Collider energy and cross sections are in TeV and
femtobarn, respectively.

Process
p

s �NLO
QCD �NLO

QCD+EW KQCD �EW[%] Scale[%] PDF[%] ↵S[%]

tt̄Z 13 841.3(1.6) 839.3(1.6) 1.39 �0.2 +9.6% � 11.3% +2.8% � 2.8% +2.8% � 2.8%

tt̄W+
13 412.0(0.32) 397.6(0.32) 1.49 �3.5 +12.7% � 11.4% +2.0% � 2.0% +2.6% � 2.6%

tt̄W �
13 208.6(0.16) 203.2(0.16) 1.51 �2.6 +13.3% � 11.7% +2.1% � 2.1% +2.9% � 2.9%

tt̄W �
+ tt̄W+

13 620.6(0.36) 600.8(0.36) 1.50 �3.2 +12.9% � 11.5% +2.0% � 2.0% +2.7% � 2.7%

Table 41: Inclusive tt̄V cross sections at NLO QCD and NLO QCD+EW accuracy for
p

s = 14 TeV. NLO
QCD+EW results represent the best predictions and should be used in experimental analyses. Scale, PDF, and ↵s

uncertainties are quoted in per cent. Absolute statistical uncertainties are indicated in parenthesis. Collider energy
and cross sections are in TeV and femtobarn, respectively.

Process
p

s �NLO
QCD �NLO

QCD+EW KQCD �EW[%] Scale[%] PDF[%] ↵S[%]

tt̄Z 14 1018(2.2) 1015(2.2) 1.40 �0.3 +9.6% � 11.2% +2.7% � 2.7% +2.8% � 2.8%

tt̄W+
14 474.9(0.36) 458.2(0.36) 1.51 �3.5 +13.2% � 11.6% +1.9% � 1.9% +2.6% � 2.6%

tt̄W �
14 244.5(0.17) 238.0(0.17) 1.54 �2.7 +13.8% � 11.8% +2.0% � 2.0% +2.9% � 2.9%

and a relative EW correction factor
�EW = ��EW/�NLO

QCD . (I.6.39)

Electroweak corrections include all LO and NLO EW effects discussed above, i.e. also those arising
form the QED evolution of PDF. All quantities in (I.6.38)–(I.6.39) are obtained using NLO QCD PDF.
Results in Tables 40–41 have been obtained with MADGRAPH5_AMC@NLO [54]. A cross check against
an independent calculation based on SHERPA+OPENLOOPS [336] has confirmed the correctness of NLO
QCD+EW predictions at the level of the quoted statistical accuracy (0.1–0.2%).
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Figure 6: E↵ect of the EWsub contributions on the cross section and the jet multiplicities
for the 2ss` and 3` signatures.

for which we follow the same setup as for figs. 1 and 2. Regarding the associated W

boson decay products (left plot) the contribution of the various e↵ects is similar to the
corresponding ones at NLO in QCD (lower left plot in fig. 2). However this is not the case
for the top-quark pair decay products (right plot). Due to the aforementioned di↵erences
of these contributions, the large e↵ect of the top-quark pair spin correlations (lower right
plot in fig. 1) is not there. This last remark shows that the inclusion of the EWsub

contributions slightly flattens the asymmetries of the top-quark pair leptons. The overall
e↵ect is small, since the total contribution from the EWsub is only ⇠10%. As a result the
charge ratio presented in tab. 1 is not altered within the given statistical MC errors by the
inclusion of the EWsub perturbative orders. In the next paragraph we explore the e↵ect
of the EWsub contributions to the total cross section and the jet multiplicities within the
selected signatures.

Starting from the NLO QCD production the inclusion of the EW perturbative orders
up to now is done by applying a flat scaling factor 0.96 for the �4% contribution of the
↵
2

s
↵
2 perturbative order and a 1.09 for the contribution of the EWsub contributions [3].

In the upper plot of fig. 6 we start by showing the e↵ect of the latter on the cross sections
for both the 2ss` and 3` signatures requiring at least one (nb � 1) or two (nb � 2) b-jets.
As shown in the plot, in all the selected signatures there is a 10% e↵ect of the EWsub

contributions in agreement with the aforementioned applied scaling factor. In the lower
two plots of fig. 6 the jet multiplicities in the 2ss` and 3` are shown in the left and right
plot, respectively. From these plots one can see that the e↵ects from the EWsub are not
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Figure 6: E↵ect of the EWsub contributions on the cross section and the jet multiplicities
for the 2ss` and 3` signatures.

for which we follow the same setup as for figs. 1 and 2. Regarding the associated W

boson decay products (left plot) the contribution of the various e↵ects is similar to the
corresponding ones at NLO in QCD (lower left plot in fig. 2). However this is not the case
for the top-quark pair decay products (right plot). Due to the aforementioned di↵erences
of these contributions, the large e↵ect of the top-quark pair spin correlations (lower right
plot in fig. 1) is not there. This last remark shows that the inclusion of the EWsub

contributions slightly flattens the asymmetries of the top-quark pair leptons. The overall
e↵ect is small, since the total contribution from the EWsub is only ⇠10%. As a result the
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inclusion of the EWsub perturbative orders. In the next paragraph we explore the e↵ect
of the EWsub contributions to the total cross section and the jet multiplicities within the
selected signatures.
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↵
2

s
↵
2 perturbative order and a 1.09 for the contribution of the EWsub contributions [3].

In the upper plot of fig. 6 we start by showing the e↵ect of the latter on the cross sections
for both the 2ss` and 3` signatures requiring at least one (nb � 1) or two (nb � 2) b-jets.
As shown in the plot, in all the selected signatures there is a 10% e↵ect of the EWsub

contributions in agreement with the aforementioned applied scaling factor. In the lower
two plots of fig. 6 the jet multiplicities in the 2ss` and 3` are shown in the left and right
plot, respectively. From these plots one can see that the e↵ects from the EWsub are not
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Figure 1: tW ! tW scattering at the LHC. For definiteness, in the inset we show the diagrams
corresponding to tW� ! tW�.

To summarize, in certain two to two scattering processes the sensitivity to non-standard top-Z
couplings is enhanced at high energies, possibly overcoming the limited experimental precision.
The enhancement scales as c̄ p2/v2 ⇠ g2⇤p

2/⇤2, which can be much larger than one in models
where g⇤ � 1, without being in conflict with the e↵ective field theory expansion, that is p2 <
⇤2. This approach then takes advantage of the high scattering energies accessible at the LHC.
We explicitly demonstrate its e↵ectiveness in the next section, focusing on tW ! tW .

3 tW ! tW scattering as case study

Our goal is to study the scattering amplitudes involving tops (and/or bottoms) and W,Z or
h that increase at high energies, and to exploit this growth to probe top-Z interactions. After
examining all the possible combinations, we focus on the process tW ! tW . Our motivation
for this choice is threefold:

1. The amplitude for tW ! tW scattering grows with the square of the energy if either
the ZtLtL or the ZtRtR couplings deviate from their SM values.

2. The corresponding collider process, pp ! tt̄Wj, gives rise to same-sign leptons (SSL),
an extremely rare final state in the SM. This process arises at O(gsg3w) in the gauge
couplings, where gs denotes the strong coupling and gw any electroweak coupling, as
shown in Fig. 1.

3. The main irreducible background, pp ! tt̄W +jets at O(g2+n

s
gw) with n � 0 the number

of jets, is insensitive to the details of the top sector, because the W is radiated o↵ a light
quark.

The amplitude for two to two scattering processes of the type  1 + �1 !  2 + �2, where
 1,2 = {t, b} and �1,2 = {�± ⌘ (�1 ⌥ i�2)/

p
2, �3, h} are the longitudinal W±, Z or h, is most

conveniently expressed in the basis of chirality eigenstate spinors. Retaining only terms that
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sǞǡǱǋ ȗǞǋ ƲǇǇǡȗǡǽǷ ǽǗ C=HW�� ƲǷǇ ǱƲȍǘǋ C=H �s ǋϥǋǁȗȐ ǞǋǱȊȐ ƲǇǇȍǋȐȐ ȗǞǋ ƲȊȊƲȍǋǷȗ ȗǞǋॺ

ǽȍǋȗǡǁƲǱ ȚǷǇǋȍǋȐȗǡǶƲȗǡǽǷ ǽǗ ȗǞǋ ǡǷǁǱȚȐǡΑǋ tt̄W ǁȍǽȐȐ ȐǋǁȗǡǽǷळ Ʋ CC=HW�� ǁƲǱǁȚǱƲȗǡǽǷ ǡȐ ȐǽȍǋǱΘ

ǷǋǋǇǋǇल bǽ ǇǋǶǽǷȐȗȍƲȗǋ ȗǞǡȐ ǗƲǁȗळ ȗǞǋ C=HW�� ǁƲǱǁȚǱƲȗǡǽǷ ΒǡȗǞ ȐǽǗȗ ȍǋȐȚǶǶƲȗǡǽǷ Ʋȗ CC==

ΒƲȐ ȊǋȍǗǽȍǶǋǇ ǡǷ ।ࣈࣂ॥ल /Ƿ ǡȗळ ȗǞǋ ƲȚȗǞǽȍȐ ǁƲǱǁȚǱƲȗǋ ȗǞǋ ǡǷǁǱȚȐǡΑǋ ǁȍǽȐȐ ȐǋǁȗǡǽǷ Ǘǽȍ tt̄ + X ळ ΒǡȗǞ

X = W±, Z,H Ʋȗ C=HW��ळ ਭC==ळ ƲǷǇ CC== ǡǷ ǀǽȗǞ ȗǞǋ ȐǽǗȗॺǁǽǱǱǡǷǋƲȍ ǋϥǋǁȗǡΑǋ ȗǞǋǽȍΘ

ॠ[��bॡ ƲǷǇ ǋΗȊǱǡǁǡȗǱΘ ǡǷ W��लBȚǱȗǡȊǱǋ ǷǽǶǡǷƲǱ ȐǁƲǱǋ ǁǞǽǡǁǋȐ ॠµR ƲǷǇ µF ॡ Ʋȍǋ ǁǽǷȐǡǇǋȍǋǇ ƲȐ Ʋ

ǗȚǷǁȗǡǽǷ ǽǗQ = (pt + pt̄ + pX)2 ǡǷ ƲǷǇ ΑƲȍǡǋǇ ǡǷ [µ0/2, 2µ0] ȗǽ ǋΑƲǱȚƲȗǋ ȗǞǋ ȗǞǋǽȍǋȗǡǁƲǱ ȚǷǁǋȍॺ

ȗƲǡǷȗΘ ƲȐȐǽǁǡƲȗǋǇ ȗǽ ǷǋǘǱǋǁȗǡǷǘ ǞǡǘǞǋȍ ǽȍǇǋȍ ȗǋȍǶȐल

bǞǋ ǁǽǶȊƲȍǡȐǽǷ Ǘǽȍ ȗǞǋ ȗǞȍǋǋ ȊȍǽǁǋȐȐǋȐ ǡȐ ȐǞǽΒǷ ǡǷ $ǡǘȚȍǋ लࣈलࣈ /Ƿ ǀǽȗǞ tt̄H ƲǷǇ tt̄Z ळ ȗǞǋ ǷǽǶǡॺ

ǷƲǱ ǁȍǽȐȐ ȐǋǁȗǡǽǷ ȊȍǋǇǡǁȗǋǇ ƲǶǽǷǘ ȗǞǋ ǇǡϥǋȍǋǷȗ ȐǁƲǱǋ ǁǞǽǡǁǋȐ ǁǽǷΑǋȍǘǋȐ ΒǞǋǷ ǡǷǁǱȚǇǡǷǘ ǋϥǋǁȗȐ ȚȊ ȗǽ

C=HਭCC== ƲǷǇ ȗǞǋ ǋǷΑǋǱǽȊǋ ǽǗ ȐǁƲǱǋ ΑƲȍǡƲȗǡǽǷȐ ǇǋǁȍǋƲȐǋȐल bǞǡȐ ǡǷǇǡǁƲȗǋȐ ȗǞƲȗ ƲǇǇǡȗǡǽǷƲǱ ȗǋȍǶȐ Ʋȗ

CC=H ǁƲǷ ȐƲǗǋǱΘ ǀǋ ǷǋǘǱǋǁȗǋǇ Ǘǽȍ Ʋ ȊȍǋǁǡȐǡǽǷ ȗǞǋǽȍΘ ȊȍǋǇǡǁȗǡǽǷ ǽǷ ȗǞǋ ǡǷǁǱȚȐǡΑǋ ǁȍǽȐȐ ȐǋǁȗǡǽǷल HǷ

ȗǞǋ ǽȗǞǋȍ ǞƲǷǇळ tt̄W ȐǞǽΒȐ ȊǋȍȐǡȐȗǋǷȗ ȐǋǷȐǡȗǡΑǡȗΘ ȗǽ ǷǽǶǡǷƲǱ ȐǁƲǱǋ ǁǞǽǡǁǋ ƲȐ ΒǋǱǱ ƲȐ ȐǁƲǱǋ ΑƲȍǡƲȗǡǽǷ

ȚȊ ȗǽ C=HਭCC==ल bǞǡȐ ǡǷǇǡǁƲȗǋȐ ȗǞƲȗ ǁǽǷȗȍǡǀȚȗǡǽǷȐ Ʋȗ CC=H ǡǷ W�� ǁƲǷ ǀǋ ǱƲȍǘǋल bǞǡȐ ǁƲǷ

ǀǋ ȚǷǇǋȍȐȗǽǽǇ ƲȐ ȗǞǋ ǋϥǋǁȗȐ ǽǗ ggॺǡǷǡȗǡƲȗǋǇ ǇǡƲǘȍƲǶȐ ǀǋǡǷǘ ȊȚȐǞǋǇ ȗǽ CC=Hळ ΒǞǡǱǋ ggॺǡǷǡȗǡƲȗǋǇ

ȊȍǽǇȚǁȗǡǽǷ ǽǗ tt̄Z ƲǷǇ tt̄H ǽǁǁȚȍȐ Ʋȗ ȗȍǋǋ ǱǋΑǋǱल /Ƿ ȗǞǋ ȊȍǋȐǋǷȗ ƲǀȐǋǷǁǋ ǽǗ Ʋ ǗȚǱǱ ǁƲǱǁȚǱƲȗǡǽǷ Ʋȗ ȗǞǡȐ

ȊȍǋǁǡȐǡǽǷळ ȗǞǋ ǡǷǁǱȚȐǡΑǋ ǁȍǽȐȐ ȐǋǁȗǡǽǷ ǶȚȐȗ ǀǋ ǽǀȗƲǡǷǋǇ ȗǞȍǽȚǘǞ ǋΗȊǋȍǡǶǋǷȗƲǱ ǶǋƲȐȚȍǋǶǋǷȗल
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Figure 1 – Total cross sections for the tt̄H (left), tt̄Z (center) and tt̄W (right) production at
p
S = 13 TeV, as

described in text.

Figure 2 – Dependence of the transverse momentum distribution of the Z boson in tt̄Z production at the
NLO(QCD+EW) accuracy (left) and NLO(QCD+EW)+NNLL accuracy (center) on the scale choice. (Right)
comparison of the NLO(QCD+EW) and NLO(QCD+EW)+NNLL predictions at µ0 = HT /2 with data 3.

corrections, bringing the theoretical predictions for the tt̄Z and, to a lesser extent, tt̄W total
cross sections closer to experimental measurements21. The relative size of the NNLL corrections
w.r.t. NLO results di↵ers from 1% to 19% (for tt̄H) or 4% to 24% (for tt̄Z), depending on
the scale choice. All the trends discussed here are much stronger for the tt̄H and tt̄Z than for
the tt̄W production due to the gg channel contributing to the LO and, correspondingly, to the
resummed cross section. Another feature of the resummed predictions is a decrease of the scale
uncertainties calculated for each specific scale choice, which is also progressing with increasing
precision of the theoretical predictions. For example, for the tt̄H/Z production and µ0 = Q

scale choice, the relative size of the scale error is reduced by about 40% 21. For the other two
scale choices the e↵ect is smaller but still sizeable, bringing the value of the scale error down to
5–7% and 7–8% for the tt̄H and tt̄Z production, respectively. Thus, while at NLO the accuracy
of the tt̄Z predictions is worse than the experimental precision, the accuracy of the NLO+NNLL
calculations matches the latest experimental precision 3.

Resummation also leads to an improvement of theoretical predictions for the invariant mass
distributions 21 and transverse momentum (pT ) distributions of the EW boson. In Fig. 2 we
show the pT (Z) distributions for the tt̄Z production. The predictions also include the EW
corrections15, added36 to the NLO and NLO+NNLL results in QCD. By comparing the left and
center plots, it is clear that the spread in the NLO predictions due to scale variation is reduced
greatly if the NNLL corrections are included in the predictions. In the right plot in Fig. 2 we
compare the NLO(QCD+EW)+NNLL distribution, calculated with µ0 = HT /2, to the recent
measurement of pT (Z) by the CMS collaboration 3 . The NNLL corrections increase the NLO
predictions by about 10% and bring the theory predictions in full agreement with data.
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BǽȐȗ ǁƲǱǁȚǱƲȗǡǽǷȐ ǽǗ tt̄W ǁƲǱǁȚǱƲȗǡǽǷȐ ǋǶȊǱǽΘ ȗǞǋ ǷƲȍȍǽΒ ΒǡǇȗǞ ƲȊȊȍǽΗǡǶƲȗǡǽǷ ॠCs�ॡ ΒǞǋȍǋ ȗǞǋ

W ǀǽȐǽǷ ƲǷǇ ȗǽȊ ȌȚƲȍǯȐ Ʋȍǋ ȊȍǽǇȚǁǋǇ ǽǷ ǶƲȐȐ ȐǞǋǱǱल �ǽǷǁȍǋȗǋǱΘळ ȗǞǋ ǗǽǱǱǽΒǡǷǘ ƲȊȊȍǽΗǡǶƲȗǡǽǷ ǡȐ

ȚȐǋǇ Ǘǽȍ �ȍǡǋȗॺsǡǘǷǋȍ ȊȍǽȊƲǘƲȗǽȍȐ ǽǗ ȗǞǋ ǞǋƲΑΘ ȍǋȐǽǷƲǷǁǋȐऴ
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(p2 −m2)2 +m2Γ2
→ π

mΓ
δ(p2 −m2) +O
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)
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bǞǋ Cs� ȐǡǶȊǱǡϮǋȐ ǁƲǱǁȚǱƲȗǡǽǷȐ ƲǷǇ ƲǱǱǽΒȐ ȊȍǽǇȚǁȗǡǽǷ ǁȍǽȐȐ ȐǋǁȗǡǽǷȐ ƲǷǇ ǀȍƲǷǁǞǡǷǘ ǗȍƲǁȗǡǽǷȐ ȗǽ

ǗƲǁȗǽȍǡΝǋळ ǡǷ ȗǞǡȐ ǁƲȐǋ ƲǗȗǋȍ ȗǞǋ ȊȍǽǇȚǁȗǡǽǷ ǽǗ ƲǷ ǽǷॺȐǞǋǱǱW ǀǽȐǽǷ ƲǷǇ ȗǽȊ ȌȚƲȍǯȐल bǞǋ ϮȍȐȗ ǽϥॺ

ȐǞǋǱǱ ǁƲǱǁȚǱƲȗǡǽǷ ΒƲȐ ȊǋȍǗǽȍǶǋǇ ǡǷ ।ࣁࣅࣂ॥ ƲǷǇ ǶǽȐȗ ȍǋǁǋǷȗǱΘ ǁƲǱǁȚǱƲȗǋǇ ǀΘ ȗǞǋ ȐƲǶǋ ƲȚȗǞǽȍȐ ǡǷ ।ࣂࣅࣂ॥ल

bǞǋǡȍ ǁƲǱǁȚǱƲȗǡǽǷ ǡǷǁǱȚǇǋȐ ǷǽǷॺȍǋȐǽǷƲǷȗW ȊȍǽǇȚǁȗǡǽǷ ǡǷ ȗǞǋ ǗȚǱǱ pp → !+ν!−!±νbb̄ ȊǞƲȐǋ ȐȊƲǁǋ

ȚȐǡǷǘ ȗǞǋ ,ҟӂ҇ҕচC=H ǗȍƲǶǋΒǽȍǯ Ʋȗ C=HW�� ƲǁǁȚȍƲǁΘ ƲȗO(α3
sα

6) ƲǷǇO(αsα8)ल �ΗƲǶȊǱǋ

ǇǡƲǘȍƲǶȐ Ʋȍǋ ȐǞǽΒǷ ǡǷ $ǡǘȚȍǋ लࣉलࣈ

depends globally on the top-quark decay width via 1/�2

t
. Therefore, contrary to parton-

shower based calculation the inclusive cross section depends crucially on the chosen value

of �t. Moreover, to ensure consistency in the comparison between full o↵-shell results and

predictions in the NWA the unexpanded NWA results are used. We have studied in Ref. [40]

that the impact of these higher-order terms is at the level of 3%� 4%.

FIG. 1. Representative Feynman diagrams of the double-, single-, and non-resonant top-quark

contributions that are part of the matrix elements employed in the full o↵-shell computation.

Feynman diagrams were produced with the help of the FeynGame program [77].

With respect to the NWA, the full o↵-shell calculation includes additional contributions.

Besides the double-resonant pp ! tt̄W
± production the o↵-shell matrix elements also receive

contributions from single-resonant pp ! tWWb and non-resonant pp ! WWWbb̄ produc-

tion modes as well as their interferences. We show some representative Feynman diagrams

for each contribution in Fig. 1. We want to stress, however, that the single and non-resonant

production cross sections can not be computed separately in a gauge invariant way, as these

processes start to mix once higher-order corrections are included. Therefore, the only un-

ambiguous way to account for these contributions is to employ the full matrix elements for

pp ! `
+
⌫`

�
⌫`

±
⌫ bb̄. Notice, that the �t dependence in the full o↵-shell computation is due

to Breit-Wigner propagators of the double and single-resonant contributions.

Finally, the last conceptual di↵erence between the fixed-order computations and the

10

)LJXUH ���� 5HSUHVHQWDWLYH )H\QPDQ GLDJUDPV IRU QRQ�UHVRQDQW pp → !+ν!−!±νbb̄ SURGXFWLRQ

bǞǋ ƲȚȗǞǽȍȐ ǁǽǶȊƲȍǋ ȗǞǋǡȍ ǁƲǱǁȚǱƲȗǡǽǷ ȗǽ Ʋ ϮΗǋǇॺǽȍǇǋȍ C=HW��ਭU[ ǁƲǱǁȚǱƲȗǡǽǷ ƲǷǇ ǇǋȍǡΑǋ

Ʋ ȐǡǶȊǱǋ ǁǽȍȍǋǁȗǡǽǷ ȗǋȍǶ ȗǽ ƲȊȊȍǽΗǡǶƲȗǋ ǷǽǷॺȍǋȐǽǷƲǷȗ ƲǷǇ ǡǷȗǋȍǗǋȍǋǷǁǋ ǋϥǋǁȗȐ ǡǷǁǱȚǇǋǇ ǡǷ ȗǞǋ ǽϥॺ

ȐǞǋǱǱ ǁƲǱǁȚǱƲȗǡǽǷल bǞǋ ǶƲǘǷǡȗȚǇǋ ǽǗ ȗǞǋȐǋ ǋϥǋǁȗȐ Ʋȗ ȗǞǋ ǡǷǁǱȚȐǡΑǋ ǱǋΑǋǱ Ʋȍǋ ȐǶƲǱǱ ǀȚȗ ǀǋǁǽǶǋ ȍǋǱǋΑƲǷȗ

Ʋȗ ȗǞǋ ǇǡϥǋȍǋǷȗǡƲǱ ǱǋΑǋǱळ ƲȐ ǁƲǷ ǀǋ ȐǋǋǷ ǡǷ $ǡǘȚȍǋ ल࣊लࣈ /ȗ ǡȐ ǁǱǋƲȍ ȗǞƲȗ ȗǞǋȐǋ ǋϥǋǁȗȐ Ʋȍǋ ȐȚǀǇǽǶǡǷƲǷȗ ȗǽ

ȗǞǋ �s ǁǽȍȍǋǁȗǡǽǷȐ ƲǷǇ ȐȊǡǷ ȊǽǱƲȍǡΝƲȗǡǽǷ ǋϥǋǁȗȐ ǇǡȐǁȚȐȐǋǇ ǡǷ ȗǞǋ ǗǽǱǱǽΒǡǷǘ ȐǋǁȗǡǽǷल
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FIG. 10. Di↵erential cross section distribution in the 3` fiducial region as a function of the total

transverse momentum HT (l.h.s.) and the missing transverse momentum (r.h.s) for the pp ! tt̄W
±

QCD+EW process. The uncertainty bands correspond to scale variations (o↵-shell) and total

uncertainties (NLOPS) (middle panel). The di↵erential impact of the EW contribution is shown

as well (bottom panel).

the tail receives large single-resonant contributions of the order of 40%. As in all previous

cases the full o↵-shell result obtains slightly larger EW contributions than in the case of

NLOPS predictions. On the other hand, the p
miss

T
observable only shows small corrections

from single and non-resonant contributions below 12%. The NLOPS+�� prediction is fully

compatible with the original NLOPS result within the estimated uncertainties. For the pure

NLOPS prediction the EW production mode provides a nearly constant correction of 10%,

while in the case of the full o↵-shell result the corrections are slightly larger with +14% at

the beginning of the distribution.
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FIG. 9. Di↵erential cross section distribution in the 3` fiducial region as a function of the transverse

momentum of the opposite-sign lepton `
os (l.h.s.) and the invariant mass of the same-sign lepton

pair (r.h.s) for the pp ! tt̄W
± QCD+EW process. The uncertainty bands correspond to scale

variations (o↵-shell) and total uncertainties (NLOPS) (middle panel). The di↵erential impact of

the EW contribution is shown as well (bottom panel).

10% � 15%, depending on the computational approach employed, at the beginning of the

spectrum, while they decrease to 3% � 7% at the end of the spectrum. For the invariant

mass spectrum of the same-sign lepton-pair the EW channels contribute a rather constant

10% � 12% correction over the whole spectrum. In this case we do not observe sizable

improvements when NLOPS+�� is used instead of NLOPS.

At last, we study the di↵erential distributions of the HT observable and p
miss

T
as shown

in Fig. 10. Let us remind the reader, that the HT observable is defined as

HT =
3X

i=1

pT (`i) +
2X

i=1

pT (bi) + p
miss

T
, (34)

where only the two hardest b jets are included. For the HT observable shown on the left of

Fig. 10 we observe that the NLOPS+�� predictions are in better agreement with the o↵-

shell calculation. While the bulk of the distribution is dominated by parton-shower e↵ects,
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ࣄঢࣈ �ү҇ӟҪҟ �ӣӾӈӈҟӪӟҲҟӣ

�Ƿ ǡǷȗǋȍǋȐȗǡǷǘ ǗǋƲȗȚȍǋ ǽǗ tt̄W ΒǽȍȗǞ ǶǋǷȗǡǽǷǡǷǘ ǡȐ ǡȗȐ ȚȗǡǱǡȗΘ Ǘǽȍ ȐȗȚǇΘǡǷǘ ȗǞǋ tt̄ ǱǋȊȗǽǷ ǁǞƲȍǘǋ ƲȐΘǶॺ

ǶǋȗȍΘळ ΒǞǡǁǞ Βǋȍǋ ȐȗȚǇǡǋǇ ǡǷ ǶǋƲȐȚȍǋǶǋǷȗȐ ǽǗ ǗǽȍΒƲȍǇॺǀƲǁǯΒƲȍǇ ƲȐΘǶǶǋȗȍΘ ॠAFBॡ ǡǷ tt̄ ǋΑǋǷȗȐ

ȊȍǽǇȚǁǋǇ Ʋȗ pp̄ ǋΗȊǋȍǡǶǋǷȗȐ Ʋȗ ȗǞǋ bǋΑƲȗȍǽǷ ।ࣅࣅࣂळ ॥लࣆࣅࣂ bǞǋ ǋϥǋǁȗ ǋǷȗǋȍȐ Ʋȗ C=HW�� ǡǷ qq̄ॺ

ǡǷǡȗǡƲȗǋǇ ȊȍǽǇȚǁȗǡǽǷ ǀȚȗ Ƿǽȗ ǡǷ ǘǱȚǽǷ ǗȚȐǡǽǷळ ΒǞǡǁǞ ǡȐ ǁǽǶȊǱǋȗǋǱΘ ȐΘǶǶǋȗȍǡǁल bǞǋ ǱǋȊȗǽǷ ǁǞƲȍǘǋ

ƲȐΘǶǶǋȗȍΘ ǡȐ ǇǋϮǷǋǇ ǀΘ ȗǞǋ ȌȚƲǷȗǡȗΘऴ

At
c =

N(∆t
η > 0)−N(∆t

η < 0)

N(∆t
η > 0) +N(∆t

η < 0)
ॠࣈलࣄॡ

ΒǞǋȍǋ∆t
η = |ηt|− |ηt̄| ।ࣄࣂ॥ल ,ǽΒǋΑǋȍळ Ʋ ǷǽǷΝǋȍǽAt

c ƲȍǡȐǋȐ ǽǷǱΘ ǡǷ qq̄ → tt̄ळ ΒǞǡǁǞ ǁǽǷȐȗǡȗȚȗǋȐ ੆ࣆࣉ

ǽǗ tt̄ ǋΑǋǷȗȐ Ʋȗ ȗǞǋ bǋΑƲȗȍǽǷ ƲǷǇ ǽǷǱΘ ੆ࣆࣂ Ʋȗ ȗǞǋ =,�ल �[B ȊǞΘȐǡǁȐ ȗǞƲȗ ƲϥǋǁȗȐAt
c Ʋȍǋ ȗǞǋȍǋǗǽȍǋ

ǁǞƲǱǱǋǷǘǡǷǘ ȗǽ Ȑǋǋ ǽΑǋȍ ȗǞǋ ǇǽǶǡǷƲǷȗ sॺǁǞƲǷǷǋǱ gg → tt̄ ȊȍǽǇȚǁȗǡǽǷल

bǞǋ ǁǞƲȍƲǁȗǋȍǡȐȗǡǁȐ ǽǗ tt̄W ǇǡȐǁȚȐȐǋǇ ƲǀǽΑǋ ǶƲǯǋ ǡȗ Ʋ ȚȐǋǗȚǱ ȊǱƲȗǗǽȍǶ Ǘǽȍ ǶǋƲȐȚȍǡǷǘAt
c Ʋȗ ȗǞǋ
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ǡǷ tt̄W ǞƲȐ Ʋ ǇǋǇǡǁƲȗǋǇ ǶǋƲȐȚȍǋǶǋǷȗ ǋϥǽȍȗ ΒǡȗǞǡǷ �b=�[ ƲǷǇ Ȑǽ ǡȐ ƲǱȐǽ ǋΗǁǱȚǇǋǇ ǗȍǽǶ ȗǞǋ ȐǁǽȊǋ ǽǗ
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sǞǡǱǋAt
c ΒǡǱǱ ǀǋ ǷǋǘǱǋǁȗǋǇ ǡǷ ȗǞǋ ȊȍǋȐǋǷȗ ǶǋƲȐȚȍǋǶǋǷȗळ Ʋ ȐǡǶǡǱƲȍ ǁǞƲȍǘǋ ƲȐΘǶǶǋȗȍΘ ΑƲȍǡƲǀǱǋ

ǇȚǀǀǋǇ ȗǞǋ ȍǋǱƲȗǡΑǋ ǁǞƲȍǘǋ ƲȐΘǶǶǋȗȍΘAR
C ǁƲǷ ǀǋ ǇǋϮǷǋǇ ǀΘ

AR
C =

N(tt̄W+)−N(tt̄W−)

N(tt̄W+) +N(tt̄W−)
ॠࣈलࣅॡ

[ǡǷǁǋAR
C ǡȐ ǽǷǱΘ ȐǋǷȐǡȗǡΑǋ ȗǽ ȗǞǋ ȍǋǱƲȗǡΑǋ ȍƲȗǋȐ ǽǗ tt̄W

±ळ ǡȗ ǡȐ ǡǷȐǋǷȐǡȗǡΑǋ ȗǽ ȐǽǶǋ ȐΘȐȗǋǶƲȗǡǁ ȚǷǁǋȍॺ

ȗƲǡǷȗǡǋȐ ȗǞƲȗ Ʋȍǋ ǁǽȍȍǋǱƲȗǋǇ ǀǋȗΒǋǋǷ tt̄W+ ƲǷǇ tt̄W−ल AR
C ǁƲǷ ǀǋ ǶǋƲȐȚȍǋǇ ǡǷǁǱȚȐǡΑǋǱΘ ƲǷǇ ƲǱȐǽ

ǇǡϥǋȍǋǷȗǡƲǱǱΘ ǡǷ ƲǷΘ ǽǀȐǋȍΑƲǀǱǋल bǞǋ ȍǋȐȚǱȗȐ ǽǗ Ʋ ȍǋǁǋǷȗǱΘ ȊȚǀǱǡȐǞǋǇ ǶǋƲȐȚȍǋǶǋǷȗ ।ࣉࣂ॥ ǽǗ σ(tt̄W+)ळ

σ(tt̄W−)ळ ƲǷǇ ȗǞǋǡȍ ȍƲȗǡǽ ǀΘ ȗǞǋ �B[ ǁǽǱǱƲǀǽȍƲȗǡǽǷ Ʋȍǋ ȐȚǶǶƲȍǡΝǋǇ ǡǷ $ǡǘȚȍǋ लࣁࣂलࣈ bǞǋ ȊǋȍȐǡȐȗǋǷȗ

tt̄W ॺǱǡǯǋ ǋΗǁǋȐȐ ΒǡȗǞ ȗǞǋ ǗȚǱǱ XȚǷ // ǇƲȗƲȐǋȗ ƲǷǇ ǋΗȊǋȍǡǶǋǷȗƲǱ ǡǷǇǡǁƲȗǡǽǷ ȗǞƲȗ ȗǞǋ ǋΗǁǋȐȐ ǡȐ Ƕǽȍǋ

ǁǞƲȍǘǋॺȐΘǶǶǋȗȍǡǁ ǗȚȍȗǞǋȍ ǶǽȗǡΑƲȗǋȐ ȗǞǋ ǇǡϥǋȍǋǷȗǡƲǱ ǶǋƲȐȚȍǋǶǋǷȗ ǽǗAR
C ळ Ʋ ǯǋΘ ȍǋȐȚǱȗ ǽǗ ȗǞǋ ȗǞǋ

Βǽȍǯ ǽǗ ȗǞǡȐ ȗǞǋȐǡȐल
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ment. Additional important contributions arise from the modelling uncertainties associated
with the simulation of ttW events and statistical uncertainty in the predicted number of signal
and background events.

The precision obtained in the present study is significantly improved with respect to the previ-
ous measurement that was performed using a fraction of data collected at

p
s = 13 TeV [5]. This

improvement is attributed to a larger data sample, as well as to an improved analysis strategy
and improved estimates of dominant background contributions using control regions in data.
A larger selection efficiency of ttW events and a stronger background suppression are achieved
by using the dedicated lepton MVA selection criteria for nonprompt lepton background rejec-
tion. Additional improvement in obtained signal-to-background ratio is associated with the
enhanced b tagging performance following the installation of the new pixel detector in 2017
and a more performant tagging algorithm [44–46].

In Fig. 10, the measured cross sections for the ttW process are compared to the corresponding
theoretical predictions. In addition to the theoretical cross section that is used in the present
study to normalize the number of predicted ttW events [12], the results are also compared
to the recent calculation of the ttW production cross section using an improved FxFx matrix
element merging procedure [16]. The cross sections of the ttW+ and the ttW� processes are
of special interest because of a strong enhancement of the ttW+ production with respect to the
ttW� process, due to the valence quark effects in pp collisions. The measurement of the ttW+

and the ttW� cross sections therefore provides important information on the PDF of the proton.
The cross sections of the ttW+ and ttW� processes are measured in a simultaneous fit to data
using events categorized by the positive and negative sums of lepton charges. The result of this
simultaneous fit is shown in Fig. 11. The measurement of the ratio between the cross sections
of the two processes is performed by modifying the fit procedure to directly measure the ratio.
The corresponding 68% and 95% confidence level (CL) intervals obtained in the scan of the
difference between the negative log-likelihood value and its best fit value are shown in Fig. 12.
Measured values of the ttW, ttW+ and ttW� production cross sections, as well as the ratio of
the ttW+ and ttW� cross sections, Rtt W+/ttW� , are:

sttW = 868 ± 40 (stat)+52
�50 (syst) fb

sttW+ = 553+30
�29 (stat)+31

�30 (syst) fb

sttW� = 343 ± 26 (stat) ± 25 (syst) fb

RttW+/ttW� = 1.61+0.15
�0.14 (stat)+0.07

�0.05 (syst)

The measurement of RttW+/ttW� is associated with reduced relative systematic uncertainty
due to partial correlations. The measured cross sections are larger than the corresponding
predicted values for the ttW [12], ttW+ [11] and ttW� [11] processes, while the measured
value of RttW+/ttW� is smaller than its predicted value [11]:

stheo.
ttW = 592+155

�96 (scale)+12
�12(PDF) fb

stheo.
ttW+ = 384+52

�32(scale)+8
�8(PDF) fb

stheo.
ttW� = 198+26

�16(scale)+5
�5(PDF) fb

R
theo.
ttW+/ttW� = 1.94+0.37

�0.24

A larger cross section for the ttW process is also observed when compared to Ref. [16], in
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bǞǋ ȗǞǋǽȍǡȐȗȐ ΒǞǽ ȊǋȍǗǽȍǶǋǇ ȗǞǋ ǁƲǱǁȚǱƲȗǡǽǷ ǇǋȗƲǡǱǋǇ ǡǷ [ǋǁȗǡǽǷ ࣂलࣈ ƲǱȐǽ ȐȗȚǇǡǋǇ ǶȚǱȗǡȊǱǋ ȐȊǡǷॺ

ǁǽȍȍǋǱƲȗǡǽǷ ǋϥǋǁȗȐ ǡǷ tt̄W ȊȍǽǇȚǁȗǡǽǷळ ǁǽǷȐǡǇǋȍǡǷǘ ǋϥǋǁȗȐ ǽǗ ǞǡǘǞǋȍ �ǬȁȍǯǋǷ x ΑƲǱȚǋȐ ȊȍǽǀǋǇ ǀΘ

tt̄W+ ȗǞƲǷ tt̄W− ॠU�$ ǋϥǋǁȗॡळ ǗǽȍΒƲȍǇॺǀƲǁǯΒƲȍǇ ƲȐΘǶǶǋȗȍΘ ǡǷ ȗǞǋ ȗǽȊ ȊƲǡȍȐळ ȗǞǋ V −A ȐȗȍȚǁȗȚȍǋ

ǽǗ ȗǞǋW ǀǽȐǽǷ ǁǽȚȊǱǡǷǘȐळ ƲǷǇ ȗǞǋ ȊǽǱƲȍǡΝƲȗǡǽǷ ǽǗ ȗǞǋ tt̄ ȊǽǱƲȍǡΝƲȗǡǽǷ ȗǞƲȗ ȍǋȐȚǱȗȐ ǗȍǽǶ ȗǞǋW ǁǽȚॺ

ȊǱǡǷǘळ ƲȐ ǇǋȐǁȍǡǀǋǇ ǡǷ [ǋǁȗǡǽǷ लࣄलࣈ $ǡǘȚȍǋ ࣂࣂलࣈ ȐǞǽΒȐ ȗǞƲȗ ȗǞǋ ǋϥǋǁȗ ǽǗ tt̄ ȊǽǱƲȍǡΝƲȗǡǽǷ ǡȐ ǇǽǶǡǷƲǷȗ ǡǷ

ȗǋȍǶȐ ǽǗ ȗǞǋ η ǽǗ ȗǞǋ ǱǋȊȗǽǷȐ ǗȍǽǶ ȗǞǋ ȗǽȊ ȌȚƲȍǯȐल bǞǋ ǡǶȊƲǁȗ ǽǷ ǡǷǁǱȚȐǡΑǋ ȊȍǽǇȚǁȗǡǽǷ ǋΑǋǷȗ ȍƲȗǋȐ ƲȐ

Ʋ ǗȚǷǁȗǡǽǷ ǽǗ ηt ǡȐ ȐǞǽΒǷ ǡǷ $ǡǘȚȍǋ ळࣃࣂलࣈ ΒǞǋȍǋ ȗǞǋ ȊȍǽǇȚǁȗǡǽǷ ǽǗ ǁǋǷȗȍƲǱ ॠǗǽȍΒƲȍǇॡ ǱǋȊȗǽǷȐ ǗȍǽǶ t

ॠt̄ॡ ǡǷǁȍǋƲȐǋȐ ǀΘ ੆ࣆࣂ ȍǋǱƲȗǡΑǋ ȗǽ ȗǞǋ ȊȍǋǇǡǁȗǡǽǷ ΒǡȗǞǽȚȗ ȐȊǡǷ ǋϥǋǁȗȐल bǞǡȐ ȍǋȐȚǱȗȐ ǡǷ ƲǷ ǡǷǁȍǋƲȐǋ ǡǷ ȗǞǋ

ƲǁǁǋȊȗƲǷǁǋ ǽǗ tt̄W+ ǡǷȗǽ ȗǞǋ ǋΑǋǷȗ ȐǋǱǋǁȗǡǽǷ ॠΑǡƲ |η| < 2.5ॡ ƲǷǇ ǶƲǷǡǗǋȐȗȐ ǡǷ ȗǞǋ ǇǡϥǋȍǋǷȗǡƲǱ ǁȍǽȐȐ

ȐǋǁȗǡǽǷ ǽǗNǬǋȗȐ ǡǷ $ǡǘȚȍǋ लࣄࣂलࣈ sǞǡǱǋ ȗǞǋ ǇǡϥǋȍǋǷȗǡƲǱ ǶǋƲȐȚȍǋǶǋǷȗ ǇǽǋȐ Ƿǽȗ ǡǷȗǋǷǇ ȗǽ ǶǋƲȐȚȍǋ η(!)ळ

ȗǞǋ ǽȊȊǽȐǡǷǘ ǋϥǋǁȗȐ ǽǗ tt̄W+ ƲǷǇ tt̄W− ƲǁǁǋȊȗƲǷǁǋ ΒǡǱǱ ǀǋ ǇǡȐǁǋȍǷǡǀǱǋ ǡǷ ȗǞǋAR
C ǶǋƲȐȚȍǋǶǋǷȗȐल

theoretical level to see firstly whether and how it is shaped by the spin correlations and
secondly if the EWsub e↵ects considered in this work might have a significant influence on
the ATLAS analysis.

3.1 Asymmetries

The e↵ects described in the present section are already included in the modern MC sim-
ulations. Nevertheless, they are never disentangled in such detail in order to scrutinise
their impact and understand their contribution to the final signatures. Indeed, the asym-
metries in the lepton decay products of the tt̄W+ and tt̄W

� can be attributed to separate
origins, which are depicted in figs. 1 and 2 and described in what follows.
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Figure 1: Origin of asymmetries in top pair decay products. The muons in these plots
exclusively originate from the top-quark pair.

For these plots, in order to track the origin of the leptons, we have selected the
events where the top quark pair decays to muons and the associated W

�(W+) to elec-
trons(positrons). Furthermore we restrict the analysis only to the QCD shower within
PYTHIA8 without applying any cuts or selections. We denote the origin of each lepton
with a subscript. In fig. 1 we show the various e↵ects on the decay products of the top
pair, whereas in fig. 2 of the associated W boson. We now separate these e↵ects on the
lepton asymmetries:

• The tt̄W
+ production is induced predominately by the ud̄ + cs̄ luminosity, while

tt̄W
� one mostly by ūd + c̄s. This results in the total cross section for top pairs

associated with the positively charged vector boson to be about a factor two larger
than the negatively charged vector boson. Moreover, tt̄W+ typically probes larger
Björken x values than tt̄W

� resulting, on average, in harder and more forward
leptons in the former as compared to the latter. This e↵ect in figs. 1 and 2 is defined
as ‘PDF’ and it a↵ects both the top pair and the W associated decay products. All
the other e↵ects are added on top of this. Since in fig. 1 there is no distinction made
for muons coming from tt̄W

+ versus muons coming from tt̄W
�, there is no PDF

e↵ect visible here. On the other hand, for the electron/positron coming from the
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Figure 3: Spin correlation e↵ects on lepton pseudo-rapidities and jet multiplicities. The
muons in the upper plots are the leading in pT regardless their origin.

the leptonic decays of the anti-top quark (denoted as tt̄
pol in fig. 1). These e↵ects

result in a charge asymmetry of the leptons that reaches about -13–15% at the cross
section level [8]. As shown in fig. 1 in the pseudo-rapidity ratio these e↵ects are
between ⇠+20% (central region) and ⇠-40% (peripheral region).

• The final source of asymmetry is due to the NLO electroweak corrections being of
di↵erent size for tt̄W+ and tt̄W

� production. This is a negligible e↵ect of ⇠0.5% [6]
and not considered in this work.

The consequences of these asymmetries on the tt̄W background in the tt̄H multi-
lepton signatures are significant even at the cross section level. Since the largest of these
e↵ects are the spin correlations, we now compare the e↵ect of these on the inclusive level
as well as on the 2ss` and 3` signatures. As a first step, at the inclusive level (no cuts),
we show in the two upper plots of fig. 3 that these e↵ects are not altered by adopting
the realistic setup described in section 2, i.e. including QED-shower, hadronisation, and
underlying event. As one can see from figs. 1 and 2 and the upper two plots of fig. 3, the
spin correlations allow more `+’s than `

�’s within the selection criteria (eq. 2.3). This, in
combination with the fact that there are more `

+’s produced than `
�’s due to the tt̄W

+

cross section being larger than the tt̄W� one by a factor of ⇠2, increases the fiducial cross
section of tt̄W production in both the 2ss` and 3` signatures. This can also be seen in the
two lower plots of fig. 3, where we show the jet multiplicities with and without the spin-
correlation e↵ects for the 2ss` and 3` signatures in the left and right plots, respectively.
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Figure 3: Spin correlation e↵ects on lepton pseudo-rapidities and jet multiplicities. The
muons in the upper plots are the leading in pT regardless their origin.

the leptonic decays of the anti-top quark (denoted as tt̄
pol in fig. 1). These e↵ects

result in a charge asymmetry of the leptons that reaches about -13–15% at the cross
section level [8]. As shown in fig. 1 in the pseudo-rapidity ratio these e↵ects are
between ⇠+20% (central region) and ⇠-40% (peripheral region).

• The final source of asymmetry is due to the NLO electroweak corrections being of
di↵erent size for tt̄W+ and tt̄W

� production. This is a negligible e↵ect of ⇠0.5% [6]
and not considered in this work.

The consequences of these asymmetries on the tt̄W background in the tt̄H multi-
lepton signatures are significant even at the cross section level. Since the largest of these
e↵ects are the spin correlations, we now compare the e↵ect of these on the inclusive level
as well as on the 2ss` and 3` signatures. As a first step, at the inclusive level (no cuts),
we show in the two upper plots of fig. 3 that these e↵ects are not altered by adopting
the realistic setup described in section 2, i.e. including QED-shower, hadronisation, and
underlying event. As one can see from figs. 1 and 2 and the upper two plots of fig. 3, the
spin correlations allow more `+’s than `

�’s within the selection criteria (eq. 2.3). This, in
combination with the fact that there are more `

+’s produced than `
�’s due to the tt̄W

+

cross section being larger than the tt̄W� one by a factor of ⇠2, increases the fiducial cross
section of tt̄W production in both the 2ss` and 3` signatures. This can also be seen in the
two lower plots of fig. 3, where we show the jet multiplicities with and without the spin-
correlation e↵ects for the 2ss` and 3` signatures in the left and right plots, respectively.
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ࣆঢࣈ BӐӉӪҟ �҇ӟӂӐBӐқҟӂҲӉҪ

/ȗ ǞƲȐ ǀǋǋǷ ǽǀȐǋȍΑǋǇ ȗǞƲȗ ǁƲǱǁȚǱƲȗǡǽǷȐ ǽǗ tt̄W +1j@NLO+2j@LO ȚȐǡǷǘ ǶȚǱȗǡॺǬǋȗ ǶǋȍǘǡǷǘ ǁƲǷ

ǡǷǁȍǋƲȐǋ ȗǞǋ ǡǷǁǱȚȐǡΑǋ ǁȍǽȐȐ ȐǋǁȗǡǽǷ ǀΘ ȚȊ ȗǽ ੆ࣁࣂ ।࣊ࣄࣂ॥ळ ΒǞǋȍǋ ȗǞǋ $Η$Η ȐǁǞǋǶǋ ǡǶȊǱǋǶǋǷȗǋǇ ǡǷ

B%ࣆ঱҇B�૦C=HΒƲȐ ǁǽǶȊƲȍǋǇ ȗǽ ϮΗǋǇॺǽȍǇǋȍ C=HW��ਭU[ल �ȗ ȗǞǋ ȗǡǶǋ ǽǗ ȗǞǡȐ ΒȍǡȗǡǷǘळ ƲǷ

$Η$Η ȐƲǶȊǱǋ ǁǋǷȗȍƲǱǱΘ ȊȍǽǇȚǁǋǇ ǡǷ �b=�[ ǡȐ Ƿǽȗ ƲΑƲǡǱƲǀǱǋ ǀȚȗ ǶƲΘ ȚǱȗǡǶƲȗǋǱΘ ǀǋ ȚȐǋǇ ΒǡȗǞǡǷ ȗǞǋ

ƲǷƲǱΘȐǡȐ ȐȗȍƲȗǋǘΘल ,ǽΒǋΑǋȍळ ǽȚȍ ǷǽǶǡǷƲǱ ȐǡǘǷƲǱ ȐƲǶȊǱǋ ǡȐ ǘǋǷǋȍƲȗǋǇ Ʋȗ ȗǞǋ ȐƲǶǋ ȊȍǋǁǡȐǡǽǷ ǡǷ ȗǞǋ ǶƲॺ

ȗȍǡΗ ǋǱǋǶǋǷȗ ǁƲǱǁȚǱƲȗǡǽǷ ǡǶȊǱǋǶǋǷȗǋǇ ǡǷ [үҟӟӜ҇ ࣁࣂलࣃलࣃ ΒǡȗǞ ǶȚǱȗǡॺǬǋȗ ǶǋȍǘǡǷǘ ȊǋȍǗǽȍǶǋǇ ȚȐǡǷǘ

ࣁࣁࣂ



ȗǞǋ B�U[ટC=H ƲǱǘǽȍǡȗǞǶ ƲǷǇ Ʋ �<<sǶǋȍǘǡǷǘ ȐǁƲǱǋ ǽǗ ࣁࣄ %ǋq ।ࣁࣁࣂ॥ल bǞǡȐ ȐƲǶȊǱǋ ȚȐǋȐ ȗǞǋ

CCU�$ ࣁलࣄ CC=H U�$ Ȑǋȗल bǞǋȍǋ Ʋȍǋ ǇǋǇǡǁƲȗǋǇ ȐƲǶȊǱǋȐ Ǘǽȍ ȗǞǋ C=HW�� ǁǽǶȊǽǷǋǷȗ ƲǷǇ ȗǞǋ

�s ǁǽȍȍǋǁȗǡǽǷȐ ǇǋȐǁȍǡǀǋǇ ǡǷ [ǋǁȗǡǽǷ लࣂलࣈ

/Ƿ ƲǇǇǡȗǡǽǷ ȗǽ ȗǞǋ [үҟӟӜ҇ ȐƲǶȊǱǋळ Βǋ ǘǋǷǋȍƲȗǋ tt̄W Ʋȗ ϮΗǋǇॺǽȍǇǋȍ C=HW�� ȐƲǶȊǱǋ ȚȐǡǷǘ

B%ࣆ঱҇B�૦C=HΒǡȗǞ Ʋ ȐǋȊƲȍƲȗǋ ȐƲǶȊǱǋ Ǘǽȍ ȗǞǋ �s ǁǽȍȍǋǁȗǡǽǷȐळ ǀǽȗǞ ȐǞǽΒǋȍǋǇ ΒǡȗǞ UӾӪүҲ҇ लࣉ

$ǡǷƲǱǱΘळ Βǋ ƲǱȐǽ ȐȗȚǇΘ ǋΑǋǷȗȐ ǘǋǷǋȍƲȗǋǇ ΒǡȗǞ UӐӻүҟҪচ�Ӑӽ Ʋȗ C=H ǡǷ W�� ƲǷǇ ȐǞǽΒǋȍǋǇ ȚȐǡǷǘ

ǋǡȗǞǋȍ UӾӪүҲ҇ ࣉ ǽȍ ,ҟӟӻҲҪ लࣈ bǞǋB%ࣆ঱҇B�૦C=H ȐƲǶȊǱǋ ǡȐ ȚȐǋǇ ƲȐ ƲǷ ƲǱȗǋȍǷƲȗǋ B� ȐƲǶȊǱǋ

ȗǽ ǇǋϮǷǋ ȗǞǋ ȊȍǡǶƲȍΘ ȗǞǋǽȍǋȗǡǁƲǱ ȚǷǁǋȍȗƲǡǷȗΘ ǽǗ ǀǽȗǞ ȗǞǋ ǶƲȗȍǡΗ ǋǱǋǶǋǷȗ ƲǷǇ ȊƲȍȗǽǷ ȐǞǽΒǋȍल /ȗ ΒǡǱǱ

ǀǋ ȚȐǋǇ ȚǷȗǡǱ ȗǞǋ $Η$Η ȐƲǶȊǱǋ ǀǋǁǽǶǋȐ ƲΑƲǡǱƲǀǱǋल � ǱǡȐȗ ǽǗ ȐǡǘǷƲǱ B� ȐƲǶȊǱǋȐ ǁǽǷȐǡǇǋȍǋǇ ΒǡȗǞǡǷ ȗǞǋ

ƲǷƲǱΘȐǡȐ ǡȐ ǘǡΑǋǷ ǡǷ bƲǀǱǋ लࣃलࣈ bǞǋȍǋ ǡȐ ȐǡǶǡǱƲȍ ƲǘȍǋǋǶǋǷȗ ǽǗ ȗǞǋ C=HW�� ǁȍǽȐȐ ȐǋǁȗǡǽǷ ƲǶǽǷǘ ȗǞǋ

ƲǱȗǋȍǷƲȗǋ ȐƲǶȊǱǋȐळ ΒǞǡǱǋ ȗǞƲȗ ǽǗ ȗǞǋ ǷǽǶǡǷƲǱ [үҟӟӜ҇ ȐƲǶȊǱǋ ǡȐ ǞǡǘǞǋȍ ǀΘ ƲǀǽȚȗ ࣁࣆ ।Ǘǀ॥ल bǞǡȐ ǡȐ ǇȚǋ

ȗǽ ȗǞǋ ǞǡǘǞǋȍ ȊȍǋǁǡȐǡǽǷ ǽǗ ǡȗȐ ǶƲȗȍǡΗ ǋǱǋǶǋǷȗ ǁƲǱǁȚǱƲȗǡǽǷ ȚȐǡǷǘ ǶȚǱȗǡॺǬǋȗ ǶǋȍǘǡǷǘल

%ǋǷǋȍƲȗǽȍ UƲȍȗǽǷ [ǞǽΒǋȍ σQCD σEW σQCD+EW ।Ǘǀ॥ σQCD+EW

σQCD

[үҟӟӜ҇ ࣁࣂलࣃलࣃ [үҟӟӜ҇ ࣁࣂलࣃलࣃ ࣈ࣊ࣆ ࣃࣅ ࣊ࣄࣇ ࣈࣁलࣂ
B%ࣆ঱҇B�૦C=H UӾӪүҲ҇ ࣉ ࣉࣅࣆ ࣈࣆ ࣆࣁࣇ ࣁࣂलࣂ
UӐӻүҟҪচ�Ӑӽ UӾӪүҲ҇ ࣉ ࣉࣆࣆ ࣊ࣅ ࣈࣁࣇ ࣊ࣁलࣂ
UӐӻүҟҪচ�Ӑӽ ,ҟӟӻҲҪ ࣈ ࣉࣆࣆ ࣊ࣅ ࣈࣁࣇ ࣊ࣁलࣂ

7DEOH ���� 6XPPDU\ RI YDULRXV tt̄W VDPSOHV FRQVLGHUHG DQG LQFOXVLYH FURVV VHFWLRQ SUHGLFWLRQ�

bǞǋ ǶǽǇǋǱǡǷǘ ǽǗ ǇǡϥǋȍǋǷȗǡƲǱ tt̄W ȊȍǽǇȚǁȗǡǽǷ ǡȐ ǁǽǶȊƲȍǋǇ ƲǶǽǷǘ ƲǱǱ ƲΑƲǡǱƲǀǱǋ ȐƲǶȊǱǋȐ ǡǷ $ǡǘॺ

ȚȍǋȐ लࣆࣂलࣈॺࣅࣂलࣈ HǀȐǋȍΑƲǀǱǋȐ Ʋȍǋ ǇǋϮǷǋǇ Ʋȗ ȗǞǋ ȊƲȍȗǡǁǱǋॺǱǋΑǋǱ ǡǷ ƲǷ ǡǷǁǱȚȐǡΑǋ ǋΑǋǷȗ ȐǋǱǋǁȗǡǽǷ ॠȗǽ ǀǋ

ǇǋȐǁȍǡǀǋǇ ǡǷ ǇǋȗƲǡǱ ǡǷ �ǞƲȊȗǋȍ ॡलࣁࣂ bǞǋ ǽǀȐǋȍΑƲǀǱǋȐ ȐǞǽΒǷ Ʋȍǋ ȗǞǽȐǋ ȗǞƲȗ ΒǡǱǱ ǀǋ ȚǷǗǽǱǇǋǇ ǡǷ ȗǞǋ Ϯॺ

ǷƲǱ ǶǋƲȐȚȍǋǶǋǷȗल bǞǋ ǋϥǋǁȗȐ ǽǗ �s ǁǽȍȍǋǁȗǡǽǷȐ Ʋȍǋ ǁǽǷȐǡȐȗǋǷȗ ΒǡȗǞ ΒǞƲȗ ǞƲȐ ǀǋǋǷ ǽǀȐǋȍΑǋǇ ǡǷ ȗǞǋ

ǱǡȗǋȍƲȗȚȍǋळ ΒǞǋȍǋ ǇǡǶǋǷȐǡǽǷǗȚǱ ΑƲȍǡƲǀǱǋȐ ƲǷǇ Ǭǋȗ ǶȚǱȗǡȊǱǡǁǡȗǡǋȐ Ȑǋǋ ƲǷ ǡǷǁȍǋƲȐǋ ǡǷ ǁȍǽȐȐ ȐǋǁȗǡǽǷ ȊȍǋǇǽǶॺ

ǡǷƲǷȗǱΘ ǡǷ ȗǞǋ ȗƲǡǱȐ ȚȊ ȗǽ ੆लࣁࣃ

ࣂࣁࣂ
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8
�ƲǁǯǘȍǽȚǷǇBǽǇǋǱǡǷǘ

bǞǋ ȗǽȊ ȌȚƲȍǯȐ ƲǷǇW ǀǽȐǽǷ ȊȍǽǇȚǁǋǇ ǡǷ tt̄W ǋΑǋǷȗȐ Ʋȍǋ ǋΗȗȍǋǶǋǱΘ ȐǞǽȍȗॺǱǡΑǋǇ ƲǷǇ Βǋ ǁƲǷ ȗǞǋȍǋॺ

Ǘǽȍǋ ǽǷǱΘ Ǉǋȗǋǁȗ ȗǞǋǡȍ ǇǋǁƲΘ ȊȍǽǇȚǁȗȐल [ǡǷǁǋ |Vtb| - |Vtd|, |Vts| ȗǞǋ ȗǽȊ ȌȚƲȍǯ ǇǋǁƲΘȐ ǋȐȐǋǷȗǡƲǱǱΘ

ǽǷǱΘ ȗǽWbळ Ȑǽ tt̄W± → W+W−W±bb̄ल bǞǋ ȐǡǘǷƲȗȚȍǋȐ ǽǗ tt̄W ȊȍǽǇȚǁȗǡǽǷ Ʋȍǋ ȗǞǋǷ ǇȍǡΑǋǷ

ȊȍǡǶƲȍǡǱΘ ǀΘ ȗǞǋW ǀǽȐǽǷ ǀȍƲǷǁǞǡǷǘ ǗȍƲǁȗǡǽǷȐ ǀȚȗ ƲǱȐǽ ȗǞǋ τ ǀȍƲǷǁǞǡǷǘ ǗȍƲǁȗǡǽǷȐल bƲǯǡǷǘ ǁǽǶǀǡॺ

ǷƲȗǡǽǷȐ ǽǗ ƲǱǱ ȊǽȐȐǡǀǱǋ ǇǋǁƲΘȐ ǽǗ ȗǞǋ ȗǞȍǋǋW ǀǽȐǽǷȐ ΘǡǋǱǇȐ ȗǞǋ ǁǞƲǷǷǋǱ ǁǽǶȊǽȐǡȗǡǽǷ ƲȐ Ʋ ǗȚǷǁȗǡǽǷ

ǽǗ ȗǞǋ ǷȚǶǀǋȍ ǽǗ ǱǡǘǞȗ ǱǋȊȗǽǷȐ ! ǽǀȐǋȍΑǋǇ ǡǷ ȗǞǋ ǋΑǋǷȗ ॠǡǷǁǱȚǇǡǷǘ ǱǋȊȗǽǷǡǁ τ ǇǋǁƲΘȐॡल �ȍƲǷǁǞǡǷǘ

ǗȍƲǁȗǡǽǷȐ ƲǷǇ ǁǞƲǷǷǋǱ ǁǽǶȊǽȐǡȗǡǽǷ Ʋȍǋ ȐǞǽΒǷ ǡǷ bƲǀǱǋ लࣂलࣉ bǞǋ Νǋȍǽ ƲǷǇ ǽǷǋॺǱǋȊȗǽǷ ǁǞƲǷǷǋǱȐ Ʋȍǋ

ࣅࣁࣂ



ǁǽǶȊǱǋȗǋǱΘ ǇȍǽΒǷǋǇ ǡǷ ǀƲǁǯǘȍǽȚǷǇȐ ǡǷǁǱȚǇǡǷǘ ǶȚǱȗǡॺǬǋȗ ƲǷǇ tt̄ ȊȍǽǇȚǁȗǡǽǷल bǞǋ ȗΒǽ ǱǋȊȗǽǷ ǁǞƲǷॺ

ǷǋǱ ΒǡȗǞ ǽȊȊǽȐǡȗǋ ȐǡǘǷ ॠ2!OSॡ ǡȐ ȐǡǶǡǱƲȍǱΘ ǇǽǶǡǷƲȗǋǇ ǀΘ ǇǡॺǱǋȊȗǽǷǡǁ tt̄ ȊȍǽǇȚǁȗǡǽǷल bǞǋ ǽǷǱΘ ȚȐƲǀǱǋ

ǁǞƲǷǷǋǱȐ Ʋȍǋ ȗΒǽ ǱǋȊȗǽǷȐ ΒǡȗǞ ȐƲǶǋ ȐǡǘǷ 2!SS ƲǷǇ ȗǞȍǋǋ ǱǋȊȗǽǷ 3! ǁǞƲǷǷǋǱȐळ ΒǞǡǁǞ ǁǽǷȐȗǡȗȚȗǋ ǽǷǱΘ

੆ࣆलࣆ ǽǗ tt̄W ǋΑǋǷȗȐल /Ƿ ƲǇǇǡȗǡǽǷ ȗǽ ȗǞǡȐ ǀƲȐǡǁ ȐǋǱǋǁȗǡǽǷळ Βǋ ȍǋȌȚǡȍǋ ȗǞǋ ǇǋȗǋǁȗǡǽǷ ǽǗ ࣂ ǽȍ ࣃ ǬǋȗȐळ ǽǷǋ ǽǗ

ΒǞǡǁǞ ǶȚȐȗ ǀǋ bॺȗƲǘǘǋǇल

sǡȗǞ ȗǞǋ ǀƲȐǡǁ ǋΑǋǷȗ ȐǋǱǋǁȗǡǽǷ ǇǋϮǷǋǇळ Βǋ ȗȚȍǷ ȗǽ ȗǞǋ ȐȚǀǬǋǁȗ ǽǗ ǀƲǁǯǘȍǽȚǷǇ ǁǽǷȗƲǶǡǷƲȗǡǽǷ ǡǷ

ȗǞǋȐǋ ǁǞƲǷǷǋǱȐल �ƲǁǯǘȍǽȚǷǇȐ Ʋȍǋ ǁǽǶȊǽȐǋǇ ǽǗ ǀǽȗǞ ȊȍǽǶȊȗǱΘ ȊȍǽǇȚǁǋǇ ǱǋȊȗǽǷȐ ॠǋलǘल tt̄H ƲǷǇ tt̄Zॡ

ƲǷǇ ǗȍǽǶ ǷǽǷॺȊȍǽǶȊȗ ǱǋȊȗǽǷȐ ȊȍǽǇȚǁǋǇ ȊȍǡǶƲȍǡǱΘ ǡǷ ǞǋƲΑΘ ϱƲΑǽȍ ǇǋǁƲΘȐ ǗȍǽǶ ȐǋǶǡॺǱǋȊȗǽǷǡǁ tt̄

ȊȍǽǇȚǁȗǡǽǷल bǞǡȐ ǁǞƲȊȗǋȍ ΒǡǱǱ ǽȚȗǱǡǷǋ ȗǞǋ ǇǽǶǡǷƲǷȗ ǀƲǁǯǘȍǽȚǷǇȐ ƲǷǇ ȗǞǋ ǶǋȗǞǽǇȐ ǀΘ ΒǞǡǁǞ ȗǞǋΘ

Ʋȍǋ ǶǽǇǋǱǋǇ ƲǷǇ ǋȐȗǡǶƲȗǋǇल

7DEOH ���� %UDQFKLQJ IUDFWLRQ RIW ERVRQ �OHIW� DQG UHVXOWLQJ FKDQQHO FRPSRVLWLRQ

W �ǋǁƲΘBǽǇǋ �ȍƲǷǁǞǡǷǘ $ȍƲǁȗǡǽǷ
W → "ν ੆ࣇलࣂࣃ
W → τν ॠǞƲǇȍǽǷǡǁॡ ੆࣊ࣄलࣈ
W → τν → "ν ࣂࣁलࣅ ੆
qq̄ ੆ࣅलࣈࣇ

=ǡǘǞȗ =ǋȊȗǽǷȐ �ǽǶȊǽȐǡȗǡǽǷ
~ǋȍǽ ੆ࣉलࣅࣅ
HǷǋ ࣄलࣂࣅ ੆
bΒǽ ॠHȊȊǽȐǡȗǋ ȐǡǘǷॡ ࣅलࣉ ੆
bΒǽ ॠ[ƲǶǋ ȐǡǘǷॡ ੆ࣃलࣅ
bǞȍǋǋ ੆ࣄलࣂ

ࣂঢࣉ UӟӐӈӜӪ �҇ҕҿҪӟӐӮӉқӣ

bǞǋ ǶǽȐȗ ǇǽǶǡǷƲǷȗ ǀƲǁǯǘȍǽȚǷǇȐ ΒǞǋȍǋ ǱǋȊȗǽǷȐ Ʋȍǋ ȊȍǽǇȚǁǋǇ ȗǞȍǽȚǘǞ ȗǞǋ ǇǋǁƲΘ ǽǗ ǞǋƲΑΘ ȍǋȐǽॺ

ǷƲǷǁǋȐ Ʋȗ ȗǞǋ ȊȍǡǶƲȍΘ ΑǋȍȗǋΗ ॠȊȍǽǶȊȗ ȊȍǽǇȚǁȗǡǽǷॡ Ʋȍǋ tt̄H ळ tt̄Z/γ∗ळ ƲǷǇ V V ॠV = W,Zॡ Ȋȍǽॺ

ǇȚǁȗǡǽǷल HȗǞǋȍ ȊȍǽǶȊȗ ǀƲǁǯǘȍǽȚǷǇȐ ǞƲΑǋ ǶȚǁǞ ǱǽΒǋȍ ȍƲȗǋȐ ƲǷǇ Ʋȍǋ ǱǋȐȐ ȐǡǘǷǡϮǁƲǷȗल bǞǋȐǋ ǡǷǁǱȚǇǋ

tt̄WW ळ tZ ळ tWZ ळ tHqbळ tt̄(t/t̄)ळ tt̄tt̄ळ V V V ळ V H ळ ƲǷǇ ǽȗǞǋȍȐल �ǋȗƲǡǱȐ ǽǗ ȗǞǋ B� ȐƲǶȊǱǋȐ ȚȐǋǇ ȗǽ

ǶǽǇǋǱ ȗǞǋȐǋ ȊȍǽǁǋȐȐǋȐ Ʋȍǋ ǘǡΑǋǷ ǡǷ bƲǀǱǋ लࣃलࣉ

ࣆࣁࣂ



�Ȑ Ȋǋȍ ȗǞǋ ǇǡȐǁȚȐȐǡǽǷ ǽǗ ȊȍǋΑǡǽȚȐ tt̄H ǶǋƲȐȚȍǋǶǋǷȗȐ ǡǷ ǶȚǱȗǡॺǱǋȊȗǽǷ ϮǷƲǱ ȐȗƲȗǋȐळ ǡȗ ǞƲȐ ƲǷ ǽΑǋȍǱƲȊॺ

ȊǡǷǘ ϮǷƲǱ ȐȗƲȗǋ ȊǞƲȐǋ ȐȊƲǁǋ ΒǡȗǞ tt̄W ǡǷ ȗǞǋ ǶȚǱȗǡॺǱǋȊȗǽǷ ϮǷƲǱ ȐȗƲȗǋȐल �ƲǁǯǘȍǽȚǷǇȐ ǗȍǽǶ tt̄H Ȋȍǽॺ

ǇȚǁȗǡǽǷ ǽǁǁȚȍ ǶǽȐȗǱΘ ǡǷ ȗǞǋH → WW ∗ ǶǽǇǋȐ ΒǡȗǞ ȐǶƲǱǱ ƲǇǇǡȗǡǽǷƲǱ ƲǁǁǋȊȗƲǷǁǋ ǽǗH → ZZ∗

ƲǷǇH → τ+τ− ǇǋǁƲΘȐ ΒǡȗǞ ǽǷǋ ǽȍ ǀǽȗǞ τ ǇǋǁƲΘǡǷǘ ȗǽ ǱǋȊȗǽǷȐल bǞǋ tt̄H ǀƲǁǯǘȍǽȚǷǇ ȊȍǽǁǋȐȐ

Ʋȍǋ ǶǽǇǋǱǋǇ ΒǡȗǞ UӐӻүҟҪচ�Ӑӽ Ʋȗ C=H ȚȐǡǷǘ ȗǞǋ CCU�$ࣃलࣁC=H U�$ Ȑǋȗ ƲǷǇ ǡǷȗǋȍǗƲǁǋǇ ΒǡȗǞ

UӾӪүҲ҇ ࣉ ΒǡȗǞ hdampȊƲȍƲǶǋȗǋȍ Ȑǋȗ ȗǽ 3/4 × (mt +mt̄ +mH) = 325%ǋqल bǞǋ hdampȊƲȍƲǶǋȗǋȍ

ǱǡǶǡȗȐ ȗǞǋ pT ǽǗ ȗǞǋ ϮȍȐȗ ƲǇǇǡȗǡǽǷƲǱ ǋǶǡȐȐǡǽǷ ǽǗ ȗǞǋ U[ळ ΒǞǡǁǞ ǡǷ ȗȚȍǷ ǱǡǶǡȗȐ ȗǞǋ ȍǋǁǽǡǱ ǽǗ ȗǞǋ tt̄ ȐΘȐॺ

ȗǋǶल bǞǋǽȍǋȗǡǁƲǱ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ʋȍǋ ǇǋȍǡΑǋǇ ǀΘ ΑƲȍΘǡǷǘ ȗǞǋ µR/µF ȐǁƲǱǋ ǁǞǽǡǁǋ ǡǷ ǗȍǽǶ [0.5µ0, 2µ0]

ǡǷ ȗǞǋ B� ƲǷǇ U[ ǁƲǱǁȚǱƲȗǡǽǷȐल �ǇǇǡȗǡǽǷƲǱ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ǽǷ ȗǞǋ B� ƲǷǇ U[ ǁƲǱǁȚǱƲȗǡǽǷȐ Ʋȍǋ ǽǀॺ

ȗƲǡǷǋǇ ǀΘ Ʋ ǁǽǶȊƲȍǡȐǽǷ ȗǽ ȐƲǶȊǱǋȐ ȊȍǽǇȚǁǋǇ ΒǡȗǞB%ࣆ঱҇B�૦C=H ਭUӾӪүҲ҇ ࣉ ƲǷǇ UӐӻүҟҪ

ਭ,ҟӟӻҲҪ लࣈ

bǞǋ tt̄Z/γ∗ ȊȍǽǁǋȐȐ ǱǋƲǇȐ ȗǽ Ʋ tt̄!+!− ϮǷƲǱ ȐȗƲȗǋ ΒǡȗǞ ȗǞǋ ǁǞƲȍƲǁȗǋȍǡȐȗǡǁ ǗƲǱǱǡǷǘ ȊȍǽǇȚǁȗǡǽǷ ǡǷm!!

ΒǡȗǞ ǱƲȍǘǋ ȍǋȐǽǷƲǷǁǋ ƲȗmZ ल bǞǋ ǇǽǶǡǷƲǷȗ ǁǽǷȗȍǡǀȚȗǡǽǷ ǗȍǽǶ tt̄Z/γ∗ ǡȐ ǡǷ ȗǞǋ 3! ȍǋǘǡǽǷळ ΒǞǋȍǋ

Z/γ∗ → !+!− ƲǷǇ ǽǷǋ ǽǗ ȗǞǋ ȗǽȊ ȌȚƲȍǯȐ ǇǋǁƲΘȐ ǱǋȊȗǽǷǡǁƲǱǱΘल /ȗ ǡȐ ƲǱȐǽ ȊǽȐȐǡǀǱǋ ȗǽ ƲǁǁǋȊȗ ȐȚǁǞ

ǋΑǋǷȗȐ ǡǷȗǽ ȗǞǋ 2![[ ȍǋǘǡǽǷ ǡǗ ǽǷǋ ǱǋȊȗǽǷ ǗƲǱǱȐ ǽȚȗ ǽǗ ȗǞǋ 3! ȐǋǱǋǁȗǡǽǷ ƲǁǁǋȊȗƲǷǁǋल bǞǡȐ ǁƲǷ ǽǁǁȚȍ ǡǗ

ȗǞǋ ǽȊȊǽȐǡȗǋॺȐǡǘǷ ǱǋȊȗǽǷ ǡȐ ȐǽǗȗ ॠǱǽΒ pTॡ ǽȍ ǡȐ ǋȍȍǽǷǋǽȚȐǱΘ ȍǋǁǽǷȐȗȍȚǁȗǋǇ ƲȐ ƲǷǽȗǞǋȍ ȊǞΘȐǡǁȐ ǽǀǬǋǁȗ

ॠǋलǘल ǬǋȗȐॡल [ǡǶǡǱƲȍǱΘळ ȗǞǋ 3! ȍǋǘǡǽǷȐ ǶƲΘ ƲǁǁǋȊȗ ǗȚǱǱΘ ǱǋȊȗǽǷǡǁ tt̄Z/γ∗ ǇǋǁƲΘȐ ΒǞǋȍǋ ǽǷǋ ǱǋȊȗǽǷ ǗƲǡǱȐ

ȗǽ ǀǋ ȍǋǁǽǷȐȗȍȚǁȗǋǇल sǡȗǞ Ʋ ǁȍǽȐȐ ȐǋǁȗǡǽǷ ǽǗ ࣁࣅࣉ Ǘǀ ǁǽǶȊȚȗǋǇ Ʋȗ C=H ǡǷ W�� ।ࣁࣆ॥ ƲǷǇ Ʋ ȊǞƲȐǋ

ȐȊƲǁǋ ǞǡǘǞǱΘ ǽΑǋȍǱƲȊȊǡǷǘ ΒǡȗǞ ȗǞƲȗ ǽǗ tt̄W ळ tt̄Z/γ∗ ǡȐ Ʋ ȐǡǘǷǡϮǁƲǷȗ ǀƲǁǯǘȍǽȚǷǇल bǞǡȐ ǡȐ ΒǞΘ ǡȗ ǞƲȐ

ǀǋǋǷ ǀǋǋǷ ǶǋƲȐȚȍǋǇ ȐǡǶȚǱȗƲǷǋǽȚȐǱΘ ΒǡȗǞ tt̄W ǡǷ ȊȍǋΑǡǽȚȐ ǶǋƲȐȚȍǋǶǋǷȗȐ ǀΘ �b=�[ ।ࣅࣆ॥ल bǞǋ

tt̄Z/γ∗ ȊȍǽǁǋȐȐ ǡȐ ǶǽǇǋǱǋǇ ȚȐǡǷǘ B%ࣆ঱҇B�૦C=H ǡǷȗǋȍǗƲǁǋǇ ΒǡȗǞ UӾӪүҲ҇ ࣉ Ǘǽȍ U[ ȐǋȊƲȍƲȗǋǱΘ Ǘǽȍ

1 < m!! < 5%ǋq ƲǷǇm!! > 5%ǋqल eǷǁǋȍȗƲǡǷȗǡǋȐ ǽǷ ȗǞǋ ࣅࣂ� ȐǞǽΒǋȍ ȗȚǷǋ ƲϥǋǁȗǡǷǘ /[Xू$[X

ࣇࣁࣂ



Ʋȍǋ ǇǋȍǡΑǋǇ ȚȐǡǷǘ ƲǱȗǋȍǷƲȗǋ ȐƲǶȊǱǋȐ ΒǡȗǞ ȗǞǋ ���ǒ ΑƲȍǡƲȗǡǽǷ ।ࣇࣅࣂ॥ल �Ƿ ȚǷǁǋȍȗƲǡǷȗΘ ǽǷ ȗǞǋ tt̄Z/γ∗

U[ ǡȐ ǽǀȗƲǡǷǋǇ ǀΘ ǁǽǶȊƲȍǡȐǽǷ ΒǡȗǞ Ʋ B%ࣆ঱҇B�૦C=H ਭ,ҟӟӻҲҪ ࣈ ȐƲǶȊǱǋल XǋǷǽȍǶƲǱǡΝƲȗǡǽǷ ƲǷǇ

ǗƲǁȗǽȍǡΝƲȗǡǽǷ ȐǁƲǱǋ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ʋȍǋ ǇǋȍǡΑǋǇ ǡǷ ȗǞǋ ȗΘȊǡǁƲǱ ΒƲΘळ ƲȐ ǡȐ ǇǽǷǋ Ǘǽȍ tt̄H ल

[ǡǶǡǱƲȍ ȗǽ ȗǞǋ tt̄Z/γ∗ ȊȍǽǁǋȐȐ Ʋȍǋ ȗǞǋ ȍƲȍǋ ȗǽȊ ȌȚƲȍǯ ǇǋǁƲΘȐल bǞǋ ȊȍǽǇȚǁȗǡǽǷ ǽǗ tt̄ ǁƲǷ ǡǷΑǽǱΑǋ

ΑǡȍȗȚƲǱ ȊǞǽȗǽǷȐ γ∗ ƲȐ ǋǡȗǞǋȍ /[X ǽȍ $[X ΒǞǡǁǞ ǇǋǁƲΘ ǡǷȗǽ !+!−ल [ȚǁǞ ȊǞǽȗǽǷ ॠǽȍ ǋȌȚǡΑƲǱǋǷȗǱΘ ȗǞǋ

!+!− ȊǞǽȗǽǷ ǇǋǁƲΘ ȊȍǽǇȚǁȗȐॡ Ʋȍǋ ǁǞƲȍƲǁȗǋȍǡΝǋǇ ǀΘm(γ∗) ƲǷǇ pT(γ∗)ल bǞǋ ȍƲȍǋ ȗǽȊ ǇǋǁƲΘȐ Ʋȍǋ

ǶǽǇǋǱǋǇ ǀΘ ȗǞȍǋǋ ǇǡϥǋȍǋǷȗ ȐƲǶȊǱǋȐ ƲǷǇ Ʋ ǇǋǇǡǁƲȗǋǇ ȊǞƲȐǋ ȐȊƲǁǋ ǽΑǋȍǱƲȊ ȍǋǶǽΑƲǱ ȊȍǽǁǋǇȚȍǋ ǡȐ ȚȐǋǇ

ȗǽ ǶƲΗǡǶǡΝǋ ȗǞǋ ǯǡǷǋǶƲȗǡǁ ǶǽǇǋǱǡǷǘ ȊȍǋǁǡȐǡǽǷल bǞǋ ϮȍȐȗ ȐƲǶȊǱǋ ǡȐ ǇǋȐǁȍǡǀǋǇ ƲǀǽΑǋ ǡǷ ȗǞǋ tt̄Z/γ∗

C=H ȐƲǶȊǱǋळ ΒǞǡǁǞ ǁǽΑǋȍȐ 1 < m(γ∗) < 5%ǋq ǡǷ ΒǞǡǁǞ ȗǞǋ ȊǞǽȗǽǷ ǡȐ ȊȍǽǇȚǁǋǇ ƲȐ /[X ǀȚȗ

Ƿǽȗ ȍƲǇǡƲȗǡǽǷ ǗȍǽǶ ȗǞǋ ȗǽȊ ȌȚƲȍǯ ǇǋǁƲΘ ȊȍǽǇȚǁȗȐ ॠ$[Xॡल � ȐǋǁǽǷǇ ॺǀǽǇΘࣉ ǇǋǁƲΘ ȐƲǶȊǱǋ ǽǗ pp →

ff̄bf f̄ b̄!+!− ǡȐ ȊȍǽǇȚǁǋǇ Ʋȗ =H ƲǁǁȚȍƲǁΘ ǡǷ B%ࣆ঱҇B�૦C=H ȗǞȍǽȚǘǞ sॺǁǞƲǷǷǋǱ ȗǽȊ ȌȚƲȍǯ

ȊȍǽȊƲǘƲȗǽȍȐल /ȗ ǁǽΑǋȍȐ ǀǽȗǞ /[X ƲǷǇ $[X ΑǡȍȗȚƲǱ ȊǞǽȗǽǷ ȊȍǽǇȚǁȗǡǽǷ ǀȚȗ ƲǱȐǽ ǞƲȐ Ʋ ǶƲȐȐ ǁȚȗǽϥ Ʋȗ

m(γ∗) > 1%ǋqल bǞǋ ǱƲȐȗ ȐƲǶȊǱǋ ǡȐ ǽǗ ǱǽΒǋȍ ȌȚƲǱǡȗΘ ƲǷǇ ǡȐ ȚȐǋǇ ȗǽ ǁǽΑǋȍ ȍǋǶƲǡǷǡǷǘ ȍǋǘǡǽǷȐ ǽǗ ȊǞƲȐǋ

ȐȊƲǁǋल /ȗ ǡȐ Ʋ UӐӻүҟҪ ਭUӾӪүҲ҇ ࣉ C=H tt̄ ȐƲǶȊǱǋ ǡǷǁǱȚǇǡǷǘ $[X ȊǞǽȗǽǷȐ ȐǡǶȚǱƲȗǋǇ Ʋȗ ǱǋƲǇǡǷǘ Ǳǽǘ

ƲǁǁȚȍƲǁΘ ΒǡȗǞ ȗǞǋ UӾӪүҲ҇ W�� ȊƲȍȗǽǷ ȐǞǽΒǋȍ ƲǱǘǽȍǡȗǞǶळ ȊǽȊȚǱƲȗǡǷǘ ȗǞǋ ȍǋǘǡǽǷ pT(γ∗) > 0 ƲǷǇ

2me/µ < m(γ∗) < 10%ǋqल

bǞǋ ȊȍǽǇȚǁȗǡǽǷ ǽǗ ȗΒǽ ǶƲȐȐǡΑǋ Αǋǁȗǽȍ ǀǽȐǽǷȐW±Z ƲǷǇZZ ॠǁǽǱǱǋǁȗǡΑǋǱΘ ȍǋǗǋȍȍǋǇ ȗǽ ǀΘ V V ॡ

ƲǱȐǽ ǁǽǷȗȍǡǀȚȗǋȐ ȐǡǘǷǡϮǁƲǷȗǱΘ ȗǽ ȗǞǋ tt̄W ȊǞƲȐǋ ȐȊƲǁǋ ǡǷ ȚǷȐȚȍȊȍǡȐǡǷǘ ΒƲΘȐ ǇȚǋ ȗǽ ȗǞǋ ȊǽȐȐǡǀǱǋ ǁǽǶॺ

ǀǡǷƲȗǡǽǷȐ ǽǗ ǱǋȊȗǽǷǡǁ ƲǷǇ ǞƲǇȍǽǷǡǁ ǇǋǁƲΘȐ ǽǗ ȗǞǋW ƲǷǇZ ǀǽȐǽǷȐल /ȗ ǡȐ ǶǽǇǋǱǋǇ ȚȐǡǷǘ [үҟӟӜ҇

ࣃलࣃलࣃ ਭࣂǬટC=Hल bǞǋǽȍǋȗǡǁƲǱ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ʋȍǋ ƲǱȐǽ ǋΑƲǱȚƲȗǋǇ ǀΘ ΑƲȍΘǡǷǘ µR ƲǷǇ µF ल /ȗ ǡȐ ǯǷǽΒǷ

ȗǞƲȗ V V ǶǽǇǋǱǡǷǘ ǡȐ Ȋǽǽȍ Ʋȗ ǞǡǘǞNjetsळ Ȑǽ Ʋ ǇƲȗƲॺǇȍǡΑǋǷ ǁǽȍȍǋǁȗǡǽǷ ǡȐ ǇǋȍǡΑǋǇ ǡǷ Ʋ V V ॺǋǷȍǡǁǞǋǇ

ΑƲǱǡǇƲȗǡǽǷ ȍǋǘǡǽǷल /ȗ ȊȍǽǁǋǋǇȐ ǀΘ ϮȗȗǡǷǘ ǷǽǷॺǁǱǽȐȚȍǋ ǗƲǁȗǽȍȐ ȗǽ Ʋ ॺȊƲȍƲǶǋȗǋȍࣄ ƲǷƲǱΘȗǡǁƲǱ ǗȚǷǁȗǡǽǷ ƲȐॺ

ࣈࣁࣂ



ȐȚǶǡǷǘ Ƿǽ ȐȗȍǽǷǘ ǇǋȊǋǷǇǋǷǁǋ ǽǷ ȗǞǋ ϱƲΑǽȍ ǽǗ ƲǇǇǡȗǡǽǷƲǱ ǬǋȗȐल [ΘȐȗǋǶƲȗǡǁ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ʋȍǋ ǇǋȍǡΑǋǇ

ǀΘ ΑƲȍΘǡǷǘ ȗǞǋ ǀǋȐȗॺϮȗ ȊƲȍƲǶǋȗǋȍȐ ΒǡȗǞǡǷ ȗǞǋǡȍ Ϯȗ ȚǷǁǋȍȗƲǡǷȗǡǋȐल [ǡǷǁǋ ȗǞǋȐǋ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ʋȍǋ ȐȚǀॺ

ǇǽǶǡǷƲǷȗळ ȗǞǋΘ Ʋȍǋ ǶȚǱȗǡȊǱǡǋǇ ǀΘ Ʋ ǗƲǁȗǽȍ 3 ȗǽ ǀǋ ǁǽǷȐǋȍΑƲȗǡΑǋ ΒǡȗǞ Ƿǽ ǷǋǘƲȗǡΑǋ ǋϥǋǁȗ ȗǽ ȗǞǋ ϮǷƲǱ

ƲǷƲǱΘȐǡȐ ȐǋǷȐǡȗǡΑǡȗΘल

ࣃঢࣉ CӐӉচӜӟӐӈӜӪ ҇Ӊқ $҇ҿҟ �҇ҕҿҪӟӐӮӉқӣ

bǞǋ ȊȍǡǶƲȍΘ ȐǽȚȍǁǋ ǽǗ ǷǽǷॺȊȍǽǶȊȗ ǱǋȊȗǽǷ ȊȍǽǇȚǁȗǡǽǷ Ǘǽȍ ȗǞǋ tt̄W ǶǋƲȐȚȍǋǶǋǷȗ ǡȐ ȐǋǶǡॺǱǋȊȗǽǷǡǁ

tt̄ΒǡȗǞ Ʋ ȐǡǷǘǱǋ ǱǋȊȗǽǷ ȊȍǽǇȚǁǋǇ ǗȍǽǶ ȗǞǋ ȐǋǁǽǷǇƲȍΘ ǇǋǁƲΘ ǽǗ bॺǞƲǇȍǽǷ ǗȍǽǶ ȗǞǋ t → Wb ǇǋǁƲΘळ

ΒǡȗǞ ƲǇǇǡȗǡǽǷƲǱ ǁǽǷȗȍǡǀȚȗǡǽǷȐ ǗȍǽǶ ȐǡǷǘǱǋॺȗǽȊळ V ਭǬǋȗȐ ळ ƲǷǇ V γ ȊȍǽǇȚǁȗǡǽǷल �Ƿ ǡǱǱȚȐȗȍƲȗǡǽǷ ǽǗ ,$

ǗƲǯǋ ǱǋȊȗǽǷ ȊȍǽǇȚǁȗǡǽǷ ǡȐ ȐǞǽΒǷ ǡǷ $ǡǘȚȍǋ लࣂलࣉ ,ǋƲΑΘ ϱƲΑǽȍ ǗƲǯǋȐ Ʋȍǋ ȐȊǱǡȗ ǡǷȗǽ ǋǱǋǁȗȍǽǷ ƲǷǇ ǶȚǽǷ

ǁǞƲǷǷǋǱȐ ॠ,$e ƲǷǇ ,$µॡ ǀƲȐǋǇ ǽǷ ȗǞǋ ϱƲΑǽȍ ǽǗ ȗǞǋ ȐƲǶǋॺȐǡǘǷ ǱǋȊȗǽǷ ǽǗ ǱǽΒǋȍ pT ॠȐȚǀǱǋƲǇǡǷǘॡळ ƲȐ

ȗǞǡȐ ǡȐ Ƕǽȍǋ ǱǡǯǋǱΘ ȗǽ ǞƲΑǋ ǁǽǶǋ ǗȍǽǶ ȗǞǋ ǷǽǷॺȊȍǽǶȊȗ ȊȍǽǇȚǁȗǡǽǷल �Ƿ ƲǇǇǡȗǡǽǷƲǱ ȗΘȊǋ ǽǗ ǗƲǯǋ ǱǋȊॺ

ȗǽǷ ǀƲǁǯǘȍǽȚǷǇȐ ǗȍǽǶ ȗǞǋȐǋ ȊȍǽǁǋȐȐǋȐ Ʋȍǋ ǡǷȗǋȍǷƲǱ ƲǷǇ ǶƲȗǋȍǡƲǱ ǁǽǷΑǋȍȐǡǽǷȐळ ΒǞǡǁǞ Ʋȍǋ ȐǋȊƲȍƲȗǋǇ

ǀƲȐǋǇ ǽǷ ȗǞǋ ȊǽȐǡȗǡǽǷ ǽǗ ȗǞǋ γ(∗) → !+!− ǁǽǷΑǋȍȐǡǽǷ ΑǋȍȗǋΗ ॠ�qॡ ƲǷǇ ȗǞǋ ǡǷΑƲȍǡƲǷȗ ǶƲȐȐ ǽǗ ȗǞǋ ȗΒǽ

ȗȍƲǁǯȐ ȚȐǋǇ ȗǽ ȍǋǁǽǷȐȗȍȚǁȗ ȗǞǋ ǱǋȊȗǽǷȐळMtrtrल /ǷȗǋȍǷƲǱ ǁǽǷΑǋȍȐǡǽǷȐ Ʋȍǋ ȗǞǽȐǋ ΒǡȗǞ Ʋ ȊȍǋȐȚǶǋǇ ΑǡȍȗȚƲǱ

ȊǞǽȗǽǷ ΒǡȗǞ Ʋ �q ȊǽȐǡȗǡǽǷR < 20ǶǶ ƲǷǇMtrtr ǁƲǱǁȚǱƲȗǋǇ Ʋȗ ȗǞǋ Uq ǽǗ ǱǋȐȐ ȗǞƲǷ Bǋqलࣁࣁࣂ BƲॺ

ȗǋȍǡƲǱ ǁǽǷΑǋȍȐǡǽǷȐ ǽǁǁȚȍ ΒǞǋǷ ƲǷ ǋǱǋǁȗȍǽǷ ȚǷǇǋȍǘǽǋȐ ǶƲȗǋȍǡƲǱ ǡǷȗǋȍƲǁȗǡǽǷ ȗǽ ȊȍǽǇȚǁǋ Ʋ ȊǞǽȗǽǷ ȗǞƲȗ

ǁǽǷΑǋȍȗȐ ȗǽ Ʋ ǱǋȊȗǽǷ ȊƲǡȍल bǞǋΘ Ʋȍǋ ǇǋϮǷǋǇ ƲȐ ǋΑǋǷȗȐ ǡǷ ΒǞǡǁǞ Ʋ �q ǽǁǁȚȍȐ ΒǡȗǞR > 20ǶǶ ƲǷǇ

Mtrtr ǁƲǱǁȚǱƲȗǋǇ Ʋȗ ȗǞǋ �q ǽǗ ǱǋȐȐ ȗǞƲǷ Bǋqलࣁࣁࣂ �ǽǷΑǋȍȐǡǽǷ ǋΑǋǷȗȐ ǘǋǷǋȍƲǱǱΘ ǁǽǶǋ ǗȍǽǶ ȗȍǡǇǋǷȗ

ǋΑǋǷȗȐ ॠe± → e±γ∗ → e±e+e−ॡळ ƲȐ ȐǞǽΒǷ ǡǷ $ǡǘȚȍǋ लࣃलࣉ ,ǋƲΑΘ ϱƲΑǽȍ ƲǷǇ ǁǽǷΑǋȍȐǡǽǷ ǗƲǯǋȐ Ʋȍǋ

ǋȐȗǡǶƲȗǋǇ ȚȐǡǷǘ Ʋ ȐǋǶǡ ǇƲȗƲॺǇȍǡΑǋǷ ǀƲǁǯǘȍǽȚǷǇ ǋȐȗǡǶƲȗǡǽǷ ȗǋǁǞǷǡȌȚǋळ ΒǞǋȍǋ ȐǞƲȊǋ ǡǷǗǽȍǶƲȗǡǽǷ ǽǗ

ǇǡϥǋȍǋǷȗǡƲǱ ȊȍǽǇȚǁȗǡǽǷ ǡȐ ȗƲǯǋǷ ǗȍǽǶB� ƲǷǇ ȗǞǋ ǷǽȍǶƲǱǡΝƲȗǡǽǷ ǡȐ ϮȗȗǋǇ ȗǽ ǇƲȗƲ ǡǷ ǁǽǷȗȍǽǱ ȍǋǘǡǽǷȐल

ࣉࣁࣂ



7DEOH ���� 2YHUYLHZ RI XVHG0& VDPSOHV IRU GLIIHUHQW SURFHVVHV� LQFOXGLQJ0( DQG 36 JHQHUDWRUV

UȍǽǁǋȐȐ %ǋǷǋȍƲȗǽȍ UƲȍȗǽǷ [ǞǽΒǋȍ U�$ bȚǷǋ
ॠƲǱȗǋȍǷƲȗǡΑǋॡ ॠƲǱȗǋȍǷƲȗǡΑǋॡ

tt̄W [үҟӟӜ҇ ॺࣃलࣃलࣁࣂ [үҟӟӜ҇ ॺࣃलࣃलࣁࣂ CCU�$ ࣁलࣄ CC=H [үҟӟӜ҇ ǇǋǗƲȚǱȗ
ॠB%ࣆ঱҇B�૦C=H ॡ ॠUӾӪүҲ҇ ॺࣉॡ

tt̄H UӐӻүҟҪচ�Hx UӾӪүҲ҇ ࣉ CCU�$ ࣁलࣄ C=H ू ࣅࣂ�
CCU�$ ࣄलࣃ =H

tt̄Z B%ࣆ঱҇B�૦C=H UӾӪүҲ҇ ࣉ CCU�$ ࣁलࣄ CC=H ࣅࣂ�
tt̄γ B%ࣆ঱҇B�૦C=H UӾӪүҲ҇ ॺࣉ CCU�$ ࣄलࣃ =H ࣅࣂ�
XƲȍǋ ȗǽȊ B%ࣆ঱҇B�૦C=H UӾӪүҲ҇ ॺࣉ CCU�$ ࣄलࣃ =H ࣅࣂ�
tt̄ UӐӻүҟҪচ�Ӑӽ UӾӪүҲ҇ ࣉ CCU�$ ࣄलࣃ =H ࣅࣂ�

ॠUӐӻүҟҪচ�Ӑӽ ॡ ॠ,ҟӟӻҲҪ ॡ
ॠB%ࣆ঱҇B�૦C=H ॡ ॠUӾӪүҲ҇ ॺࣉॡ
ॠƲB�ટC=Hॡ ॠ,ҟӟӻҲҪ ॡ

[ǡǷǘǱǋॺȗǽȊ UӐӻүҟҪচ�Ӑӽ UӾӪүҲ҇ ࣉ CCU�$ ࣄलࣃ =H ࣅࣂ�
ॠsॺूtॺǁǞƲǷǷǋǱȐॡ
tW UӐӻүҟҪচ�Ӑӽ UӾӪүҲ҇ ࣉ CCU�$ ࣄलࣃ =H ࣅࣂ�
tt̄WW B%ࣆ঱҇B�૦C=H UӾӪүҲ҇ ॺࣉ CCU�$ ࣄलࣃ =H ࣅࣂ�
tZ B%ࣆ঱҇B�૦C=H UӾӪүҲ҇ ॺࣉ �b�Wࣂ=ࣇ UǋȍȚǘǡƲࣃࣂࣁࣃ
tWZ B%ࣆ঱҇B�૦C=H UӾӪүҲ҇ ॺࣉ CCU�$ ࣄलࣃ =H ࣅࣂ�
tWH B%ࣆ঱҇B�૦C=H UӾӪүҲ҇ ॺࣉ CCU�$ ࣄलࣃ =H ࣅࣂ�
tHqb B%ࣆ঱҇B�૦C=H UӾӪүҲ҇ ॺࣉ CCU�$ ࣄलࣃ =H ࣅࣂ�
tt̄(t/t̄) B%ࣆ঱҇B�૦C=H UӾӪүҲ҇ ॺࣉ CCU�$ ࣄलࣃ =H ࣅࣂ�
tt̄tt̄ B%ࣆ঱҇B�૦C=H UӾӪүҲ҇ ॺࣉ CCU�$ ࣄलࣃ =H ࣅࣂ�
V V [үҟӟӜ҇ ॺࣃलࣃलࣃ [үҟӟӜ҇ ॺࣃलࣃलࣃ CCU�$ ࣁलࣄ CC=H [үҟӟӜ҇ ǇǋǗƲȚǱȗ
V V V [үҟӟӜ҇ ॺࣃलࣃलࣃ [үҟӟӜ҇ ॺࣃलࣃलࣃ CCU�$ ࣁलࣄ CC=H [үҟӟӜ҇ ǇǋǗƲȚǱȗ
ggV V [үҟӟӜ҇ ॺࣃलࣃलࣃ [үҟӟӜ҇ ॺࣃलࣃलࣃ CCU�$ ࣁलࣄ CC=H [үҟӟӜ҇ ǇǋǗƲȚǱȗ
V + jets [үҟӟӜ҇ ॺࣃलࣃलࣂ [үҟӟӜ҇ ॺࣃलࣃलࣂ CCU�$ ࣁलࣄ CC=H [үҟӟӜ҇ ǇǋǗƲȚǱȗ
V H UӾӪүҲ҇ ॺࣉ UӾӪүҲ҇ ॺࣉ CCU�$ ࣄलࣃ =H ࣅࣂ�
V γ [үҟӟӜ҇ ॺࣃलࣃलࣉ [үҟӟӜ҇ ॺࣃलࣃलࣉ CCU�$ ࣁलࣄ CC=H [үҟӟӜ҇ ǇǋǗƲȚǱȗ

࣊ࣁࣂ



bǞǋ ǁǞǽǡǁǋ ǽǗ ȊǋȍǗǽȍǶǡǷǘ Ʋ ȐǋǶǡॺǇƲȗƲॺǇȍǡΑǋǷ ǷǽǷॺȊȍǽǶȊȗ ǀƲǁǯǘȍǽȚǷǇ ǋȐȗǡǶƲȗǡǽǷ ȍƲȗǞǋȍ ȗǞƲǷ Ʋ ǗȚǱǱΘ

ǇƲȗƲॺǇȍǡΑǋǷ ǋȐȗǡǶƲȗǡǽǷ ΒǡǱǱ ǀǋ ǇǡȐǁȚȐȐǋǇ ǡǷ �ǞƲȊȗǋȍ ࣊ल

bǞǋ tt̄ ǋΑǋǷȗȐ Ʋȍǋ ǘǋǷǋȍƲȗǋǇ ȚȐǡǷǘ UӐӻүҟҪচ�Ӑӽ Ʋȗ C=H ǡǷ W�� ǡǷȗǋȍǗƲǁǋǇ ΒǡȗǞ UӾӪүҲ҇ ࣉ

Ǘǽȍ U[ ΒǡȗǞ µR/F =
√

m2
ȗǽȊ + p2bळ ȗǽȊ ǁƲǱǁȚǱƲȗǋǇ ǀǋǗǽȍǋ ȍƲǇǡƲȗǡǽǷल bǞǋ hdampȊƲȍƲǶǋȗǋȍ ǡȐ Ȑǋȗ ȗǽ

mȗǽȊल×ࣆलࣂ �ǱȗǋȍǷƲȗǡΑǋ tt̄ ȐƲǶȊǱǋȐ ȐǞǽΒǋȍǋǇ ǡǷ ,ҟӟӻҲҪ ࣄलࣂलࣈ Ʋȍǋ ȚȐǋǇ ȗǽ ǋȐȗǡǶƲȗǋ U[ ȚǷǁǋȍȗƲǡǷॺ

ȗǡǋȐल [ǡǷǘǱǋ ȗǽȊॺȌȚƲȍǯ ȊȍǽǇȚǁȗǡǽǷ ǡǷ s− ƲǷǇ t− ǁǞƲǷǷǋǱȐ ƲǷǇ tW ȊȍǽǇȚǁȗǡǽǷ Ʋȍǋ ȐǡǶȚǱƲȗǋǇ ȚȐǡǷǘ

UӐӻүҟҪচ�Ӑӽ ƲǷǇ UӾӪүҲ҇ ࣉ ΒǡȗǞ ȗǞǋ ȐƲǶǋB� ȐǋȗȗǡǷǘȐ ƲȐ ȗǞǋ tt̄ ȐƲǶȊǱǋȐल [ǡǷǁǋ ȗǞǋȐǋ ȐǡǷǘǱǋॺȗǽȊ

ǁǽǷȗȍǡǀȚȗǡǽǷȐ Ʋȍǋ ȐǶƲǱǱळ Ƿǽ ƲǱȗǋȍǷƲȗǋ U[ ƲǱǘǽȍǡȗǞǶ ǡȐ ȚȐǋǇ ȗǽ ǇǋȍǡΑǋ ȚǷǁǋȍȗƲǡǷȗǡǋȐल bǞǋȐǋ B� ȐǋȗȗǡǷǘȐ

Ʋȍǋ ǁǞǽȐǋǷ ǀƲȐǋǇ ǽǷ ȍǋǁǽǶǶǋǷǇƲȗǡǽǷȐ ȊȍǽΑǡǇǋǇ ǁǋǷȗȍƲǱǱΘ ΒǡȗǞǡǷ ȗǞǋ �b=�[ �ǽǱǱƲǀǽȍƲȗǡǽǷ ।ࣈࣅࣂ॥ल

� ǁǽȍȍǋǁȗǡǽǷ ǗƲǁȗǽȍ ǽǗ ࣄलࣂ ǡȐ ƲȊȊǱǡǋǇ ȗǽ ȗǞǋ tt̄ ਭ≥ 1b ǁǽǶȊǽǷǋǷȗ ȗǞƲȗ ǡȐ ȚǷǇǋȍǋȐȗǡǶƲȗǋǇ ǡǷB�ल bǞǡȐ

ǶǡȐॺǶǽǇǋǱǡǷǘ ǽǗ tt̄ ǡȐ ǁǽǷȐǡȐȗǋǷȗǱΘ ǇǋǶǽǷȐȗȍƲȗǋǇ ǡǷ ȗǞǋ tt̄H(bb) ।ࣉࣅࣂ॥ ƲǷǇ tt̄tt̄ ।࣊ࣅࣂ॥ ǶǋƲȐȚȍǋǶǋǷȗȐ

ȊǋȍǗǽȍǶǋǇ ǀΘ �b=�[ल

�ǇǇǡȗǡǽǷƲǱ ǗƲǯǋ ǱǋȊȗǽǷ ǀƲǁǯǘȍǽȚǷǇȐ ǁǽǶǋ ǗȍǽǶ ǋǱǋǁȗȍǽǷ ǁǞƲȍǘǋ ǶǡȐǡǇǋǷȗǡϮǁƲȗǡǽǷळ ƲȐ ǇǋȐǁȍǡǀǋǇ

ǡǷ [ǋǁȗǡǽǷ ळࣃलࣇ ΒǞǋȍǋ ǋǱǋǁȗȍǽǷ ǶƲȗǋȍǡƲǱ ǁǽǷΑǋȍȐǡǽǷȐ ȊȍǽǇȚǁǋ ǁǽǷΑǋȍȐǡǽǷ ǋǱǋǁȗȍǽǷȐ ȗǞƲȗ Ʋȍǋ ǶǡȐॺ

ȍǋǁǽǷȐȗȍȚǁȗǋǇ ॠWBǡȐ/�ॡ ƲȐ ƲǷ ǋǱǋǁȗȍǽǷ ΒǡȗǞ ȗǞǋ ǡǷǁǽȍȍǋǁȗ ǁǞƲȍǘǋल bǞǡȐ ǶƲΘ ǽǁǁȚȍ ǡǷ ȗȍǡǇǋǷȗ ǋΑǋǷȗȐ

ॠȐǋǋ $ǡǘȚȍǋ ॡࣃलࣉ ǡǷ ΒǞǡǁǞ bǽȊǽ�ǱȚȐȗǋȍȐ ǗȍǽǶ ǁǽǷΑǋȍȐǡǽǷ ǋǱǋǁȗȍǽǷȐ Ʋȍǋ ƲȐȐǽǁǡƲȗǋǇ ȗǽ ȗǞǋ ȊȍǽǶȊȗ ǋǱǋǁॺ

ȗȍǽǷ ǡǷȐȗǋƲǇ ǽǗ ǀǋǡǷǘ ȍǋǁǽǷȐȗȍȚǁȗǋǇ ƲȐ ȐǋȊƲȍƲȗǋ ǋǱǋǁȗȍǽǷȐल bǞǋ ǁǽǷȐȗȍƲǡǷȗ ǗȍǽǶ ȗǞǋ bǽȊǽ�ǱȚȐȗǋȍȐ

ǶƲΘ ǱǋƲǇ ȗǽ Ʋ ȗȍƲǁǯ Ϯȗ ΒǡȗǞ ǡǷǁǽȍȍǋǁȗ ǁȚȍΑƲȗȚȍǋल sǞǡǱǋ ȗǞǋ tt̄W ƲǷƲǱΘȐǡȐ ȚȐǋȐ ȗǞǋ ��/�[Bq� ȗǽǽǱ

ȗǽ ȍǋǬǋǁȗ ǶǽȐȗ ǽǗ ȗǞǋ WBǡȐ/� ǁǽǷȗƲǶǡǷƲȗǡǽǷळ ΒǞƲȗ ȍǋǶƲǡǷȐ ǡȐ ǋȐȗǡǶƲȗǋǇ ȚȐǡǷǘ Ʋ ǇƲȗƲॺǇȍǡΑǋǷ Ȋȍǽǁǋॺ

ǇȚȍǋ ȗǞƲȗ ȚȐǋȐZ → e+e− ǋΑǋǷȗȐ ȗǽ ǇǋȗǋȍǶǡǷǋ WBǡȐ/� ȍƲȗǋȐ ƲȐ Ʋ ǗȚǷǁȗǡǽǷ ǽǗ ǋǱǋǁȗȍǽǷ pT ƲǷǇ ηळ

ȐǡǷǁǋ ȗǞǋ ǞƲȍǇ ǀȍǋǶȐȐȗȍƲǞǱȚǷǘ ǇǋȊǋǷǇȐ ǽǷ ȗǞǋ ǋǱǋǁȗȍǽǷ pT ƲǷǇ ȗǞǋ ηॺǇǋȊǋǷǇǋǷȗ Ǉǋȗǋǁȗǽȍ ǶƲȗǋȍǡƲǱ

ȊȍǽϮǱǋल �ΗǁǋȐȐ ǋΑǋǷȗȐ ΒǡȗǞ ȐƲǶǋॺȐǡǘǷ ǋǱǋǁȗȍǽǷ ȊƲǡȍȐ ΒǡȗǞǡǷ ȗǞǋmZ ΒǡǷǇǽΒ Ʋȍǋ ƲȐȐȚǶǋǇ ȗǽ ǽȍǡǘǡǷƲȗǋ

ࣁࣂࣂ



ǗȍǽǶZ → e+e− WBǡȐ/� ǋΑǋǷȗȐळ ΒǞǋȍǋ ȗǞǋ ȍƲȗǋ ǽǗ ǋǱǋǁȗȍǽǷ WBǡȐ/� ǡȐ ǇǋȗǋȍǶǡǷǋǇ ǀΘ Ʋ ǶƲΗǡǶȚǶॺ

ǱǡǯǋǱǡǞǽǽǇ ǋȐȗǡǶƲȗǋ ǽǗ Ʋ UǽǡȐȐǽǷ ǱǡǯǋǱǡǞǽǽǇ ǗȚǷǁȗǡǽǷ ǇǋȊǋǷǇǋǷȗ ǽǷ ȗǞǋ WBǡȐ/� ȍƲȗǋळ ΒǞǡǁǞ ȍƲǷǘǋ

ǗȍǽǶ 10−5 ȗǽ 10−2 ǡǷ ȗǞǋ tt̄W ȊǞƲȐǋ ȐȊƲǁǋल [ǋǋ �ȊȊǋǷǇǡΗ , ǽǗ ȗǞǋ tt̄W ǡǷȗǋȍǷƲǱ Ƿǽȗǋ ।ࣁࣃ॥ Ǘǽȍ ƲǇǇǡॺ

ȗǡǽǷƲǱ ǡǷǗǽȍǶƲȗǡǽǷल
4.1 Properties of heavy-flavour jets 5

jet

jet
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Figure 1: Illustration of a heavy-flavour jet with a secondary vertex (SV) from the decay of
a b or c hadron resulting in charged-particle tracks (including possibly a soft lepton) that are
displaced with respect to the primary interaction vertex (PV), and hence with a large impact
parameter (IP) value.

of tracks with respect to the primary vertex is characterized by their impact parameter, which is
defined as the distance between the primary vertex and the tracks at their points of closest ap-
proach. The vector pointing from the primary vertex to the point of closest approach is referred
to as the impact parameter vector. The impact parameter value can be defined in three spatial
dimensions (3D) or in the plane transverse to the beam line (2D). The longitudinal impact pa-
rameter is defined in one dimension, along the beam line. The impact parameter is defined to
be positive or negative, with a positive sign indicating that the track is produced “upstream”.
This means that the angle between the impact parameter vector and the jet axis is smaller than
p/2, where the jet axis is defined by the primary vertex and the direction of the jet momentum.
In addition, b and c quarks have a larger mass and harder fragmentation compared to the light
quarks and massless gluons. As a result, the decay products of the heavy-flavour hadron have,
on average, a larger pT relative to the jet axis than the other jet constituents. In approximately
20% (10%) of the cases, a muon or electron is present in the decay chain of a heavy b (c) hadron.
Hence, apart from the properties of the reconstructed secondary vertex or displaced tracks, the
presence of charged leptons is also exploited for heavy-flavour jet identification techniques and
for measuring their performance in data.

In order to design and optimize heavy-flavour identification techniques, a reliable method is
required for assigning a flavour to jets in simulated events. The jet flavour is determined by
clustering not only the reconstructed final-state particles into jets, but also the generated b and
c hadrons that do not have b and c hadrons as daughters respectively. To prevent these gen-
erated hadrons from affecting the reconstructed jet momentum, the modulus of the hadron
four-momentum is set to a small number, retaining only the directional information. This pro-
cedure is known as ghost association [34]. Jets containing at least one b hadron are defined
as b jets; the ones containing at least one c hadron and no b hadron are defined as c jets. The
remaining jets are considered to be light-flavour (or “udsg”) jets. Since pileup interactions are
not included during the hard-scattering event generation, jets from pileup interactions (“pileup
jets”) in the simulation are tentatively identified as jets without a matched generated jet. The
generated jets are reconstructed with the jet clustering algorithm mentioned in Section 2 ap-
plied to the generated final-state particles (excluding neutrinos). The matching between the
reconstructed PF jets and the generated jets with pT > 8 GeV is performed by requiring the
angular distance between them to be DR =

p
(Dh)2 + (Df)2 < 0.25. Using this flavour def-

inition, jets arising from gluon splitting to bb are considered as b jets. In Sections 6, 8 and 9,
these g ! bb jets are often shown as a separate category. In this case, two b hadrons without b

)LJXUH ���� $ FDUWRRQ GHSLFWLQJ KHDY\ ćDYRU IDNH OHSWRQ SURGXFWLRQ WKURXJK WKH GHFD\ RI D b−PHVRQ UHFRQ�

VWUXFWHG DV D VHFRQGDU\ YHUWH[ >��@

)LJXUH ���� $ GHSLFWLRQ RI D WULGHQW HYHQW

/Ƿ ȗǞǋ ǋǷǇळ ȗǞǋ ǁǱƲȐȐǡϮǁƲȗǡǽǷ ǽǗ ȗǞǋȐǋ ȊȍǽǇȚǁȗǡǽǷ ǶǽǇǋȐ ǡǷȗǽ ȐȊǋǁǡϮǁ ǀƲǁǯǘȍǽȚǷǇ ǁǽǶȊǽǷǋǷȗȐ
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ȍǋǱǡǋȐ ǽǷ Ʋ ȗȍȚȗǞ ǁǱƲȐȐǡϮǁƲȗǡǽǷ ȐǁǞǋǶǋ ȚȐǋǇ ȐȊǋǁǡϮǁƲǱǱΘ Ǘǽȍ ȗǞǋ �b=�[ tt̄H ƲǷǇ tt̄W ǶȚǱȗǡॺǱǋȊȗǽǷ

ƲǷƲǱΘȐǋȐऴ

लࣂ UȍǽǶȊȗल bǞǡȐ ǇǋϮǷǡȗǡǽǷ ǡȐ ȚȐǋǇ ȗǽ ǇǋϮǷǋ ȗǞǋ ǷǽǷॺȊȍǽǶȊȗ ǀƲǁǯǘȍǽȚǷǇȐ ǡǷǁǱȚǇǡǷǘ ǁǽǷΑǋȍॺ
ȐǡǽǷȐळ ,$ ǗƲǯǋȐल bǞǋ ǁƲȗǋǘǽȍΘ ǁǽǷȗƲǡǷȐ ǡȐǽǱƲȗǋǇ ǶȚǽǷ ǽȍ ǋǱǋǁȗȍǽǷळ ǶȚǽǷȐ ΒǡȗǞ Ƿǽ ȗȍȚȗǞ
ǽȍǡǘǡǷ ǇǋϮǷǋǇळ ƲǷǇ ǋǱǋǁȗȍǽǷȐ ȊȍǽǇȚǁǋǇ ǗȍǽǶ ȊǞǽȗǽǷ ǁǽǷΑǋȍȐǡǽǷ ǀȚȗ ȗǞǋ ȗΘȊǋ ǽǗ ȗǞǋǡȍ ȊƲȍǋǷȗ
ȊƲȍȗǡǁǱǋ ǡȐ ƲǷ ǡȐǽǱƲȗǋǇ ǋǱǋǁȗȍǽǷ ǽǗ ȗǞǋ ȐƲǶǋ ǁǞƲȍǘǋल

लࣃ WBǡȐ/�लbǞǡȐ ǇǋϮǷǡȗǡǽǷ ǡǷǁǱȚǇǋȐ ǋǱǋǁȗȍǽǷȐ ΒǡȗǞ ȍǋǁǽǷȐȗȍȚǁȗǋǇ ǁǞƲȍǘǋ ǽȊȊǽȐǡȗǋ ǽǗ ȗǽ ȗǞƲȗ ǽǗ
ǡȗȐ ȗȍȚȗǞॺǶƲȗǁǞǋǇ ǋǱǋǁȗȍǽǷ ǁǞƲȍǘǋ

लࣄ BƲȗǋȍǡƲǱ �ǽǷΑǋȍȐǡǽǷȐल =ǋȊȗǽǷȐ ΒǡȗǞ ƲǷ ƲȐȐǡǘǷǋǇ ǽȍǡǘǡǷ ǽǗ Ʋ ȊǞǽȗǽǷ ǁǽǷΑǋȍȐǡǽǷ ǀȚȗ ΒǞǽȐǋ
ȊƲȍǋǷȗ ȊƲȍȗǡǁǱǋ ǡȐ Ƿǽȗ ƲǷ ǡȐǽǱƲȗǋǇ ǱǋȊȗǽǷल

लࣅ /ǷȗǋȍǷƲǱ �ǽǷΑǋȍȐǡǽǷȐल =ǋȊȗǽǷȐ ΒǞǽȐǋ ȊƲȍǋǷȗ ȗΘȊǋ ǡȐ Ʋ ǘǋǷǋȍƲȗǡǷǘ ȊƲȍȗǡǁǱǋ ΒǡȗǞ ǷǽǷॺǇǋϮǷǋǇ
ǽȍǡǘǡǷ

लࣆ ,ǋƲΑΘ ϱƲΑǽȍल =ǋȊȗǽǷȐ ǗƲǡǱǡǷǘ ȗǞǋ ƲǀǽΑǋ ǁȍǡȗǋȍǡƲल

ࣃࣂࣂ



9
�ǷƲǱΘȐǡȐ [ȗȍƲȗǋǘΘ

bǞǋ ǘȍǋƲȗǋȐȗ ȐǋǷȐǡȗǡΑǡȗΘ ȗǽ ȗǞǋ tt̄W ȊȍǽǁǋȐȐ ǁǽǶǋȐ ǡǷ ǶȚǱȗǡॺǱǋȊȗǽǷ ǁǞƲǷǷǋǱȐ 2![[ ƲǷǇ 3!ळ ǡǷ ΒǞǡǁǞ

ȗǞǋ ǱƲȍǘǋȐȗ ǀƲǁǯǘȍǽȚǷǇȐ ǁǽǶǋ ǗȍǽǶ ȊȍǽǶȊȗ ǱǋȊȗǽǷ ȊȍǽǇȚǁȗǡǽǷ ǡǷ tt̄H ळ tt̄Z/γ∗ळ ƲǷǇ V V ƲǷǇ ǗȍǽǶ

ǷǽǷॺȊȍǽǶȊȗ ƲǷǇ ǗƲǯǋ ǱǋȊȗǽǷ ȊȍǽǇȚǁȗǡǽǷ ǗȍǽǶ,$ ǇǋǁƲΘȐ ƲǷǇ ǁǞƲȍǘǋ ǶǡȐǡǇǋǷȗǡϮǁƲȗǡǽǷल bǞǋ tt̄W

ǶǋƲȐȚȍǋǶǋǷȗ ȐȗȍƲȗǋǘΘ ǡȐ ȍǋȌȚǡȍǋǇ ȗǽ ȍǽǀȚȐȗǱΘ ǋȐȗǡǶƲȗǋ ΑƲȍǡǽȚȐ ǀƲǁǯǘȍǽȚǷǇ ȊȍǽǁǋȐȐǋȐ ǽΑǋȍ Ʋ ȍƲǷǘǋ ǽǗ

ȊǽȐȐǡǀǱǋ ΑƲǱȚǋȐ Ǘǽȍ σ(tt̄W )ळ ȐǡǷǁǋ ǡȗ ǡȐ ǋΗȊǋǁȗǋǇ ȗǞƲȗ ȗǞǋ ǡǷǁǱȚȐǡΑǋ tt̄W ȐǡǘǷƲǱ ȐȗȍǋǷǘȗǞ ΒǡǱǱ ǀǋ ੆ॺࣁࣃ

੆ࣁࣈ ǞǡǘǞǋȍ ȗǞƲǷ ȗǞǋ C=HW�� ȊȍǋǇǡǁȗǡǽǷल bǞǋ ǯǋΘ ǁǞǽǡǁǋ Ǘǽȍ ȗǞǋ ǶǋƲȐȚȍǋǶǋǷȗ ǡȐ ǞǽΒ ȗǽ ǞƲǷǇǱǋ

ȗǞǋ ǗƲǯǋ ǱǋȊȗǽǷ ǀƲǁǯǘȍǽȚǷǇȐल
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� ǗȚǱǱΘ ǇƲȗƲॺǇȍǡΑǋǷ ǶǋȗǞǽǇ ȗΘȊǡǁƲǱǱΘ ȚȐǋǇ ΒǡȗǞǡǷ �b=�[ Ǘǽȍ ǶǋƲȐȚȍǡǷǘ ǷǽǷॺȊȍǽǶȊȗ ǱǋȊȗǽǷ

ǀƲǁǯǘȍǽȚǷǇȐ ǡȐ ǁƲǱǱǋǇ ȗǞǋBǈȭȣǷ͕BǡȭǴȓǝ BBॡࢳ ।ࣁࣆࣂ॥ळ ƲǷǇ ΒƲȐ ƲȗȗǋǶȊȗǋǇ ǡǷ ȗǞǋ ࣁࣉ Ǘǀ−1 tt̄H

ǶȚǱȗǡǱǋȊȗǽǷ ǶǋƲȐȚȍǋǶǋǷȗ ।ࣄࣆ॥ल bǞǋ ȊȍǡǷǁǡȊǱǋ ǽǗ ȗǞǋ BB ȗǋǁǞǷǡȌȚǋ ȍǋǱǡǋȐ ǽǷ ǇǋϮǷǡǷǘ �ȓȍȭȣȓȇ

XǡǮǷȓȍȦ �XȐॡࢳ ǽȍȗǞǽǘǽǷƲǱ ȗǽ ȗǞǋ [X ǡǷ ΒǞǡǁǞ ȗǞǋ ȗǽȗƲǱ ȍƲȗǋ ǽǗ ǷǽǷॺȊȍǽǶȊȗ ǱǋȊȗǽǷ ȊȍǽǇȚǁȗǡǽǷ ǡȐ

ǶǋƲȐȚȍǋǇल bǞǋ [X ƲǷǇ �X ǷǋǋǇ ȗǽ ǀǋ ȐǡǶǡǱƲȍ ǋǷǽȚǘǞ ȗǞƲȗ ȗǞǋ ǁǽǶȊǽȐǡȗǡǽǷ ǽǗ ǷǽǷॺȊȍǽǶȊȗ ǱǋȊȗǽǷ

ȐǽȚȍǁǋȐ ॠǋलǘल ,$ ǗƲǯǋȐळ ǁǽǷΑǋȍȐǡǽǷȐॡ ǡȐ ȐǡǶǡǱƲȍ ƲǷǇ ƲǷ ǡǷǁǱȚȐǡΑǋ ǷǽǷॺȊȍǽǶȊȗ ǱǋȊȗǽǷ ȍƲȗǋ ǶǋƲȐȚȍǋǶǋǷȗ

ǡǷ ȗǞǋ �X ǁƲǷ ǀǋ ȍǋǱǡƲǀǱΘ ƲȊȊǱǡǋǇ ȗǽ ȗǞǋ [Xल HǷ ȗǞǋ ǽȗǞǋȍ ǞƲǷǇळ ȗǞǋ �XǶȚȐȗ ǀǋ ǇǡϥǋȍǋǷȗ ǋǷǽȚǘǞ

ǗȍǽǶ ȗǞǋ [X ȗǞƲȗ ȗǞǋ ǁǽǷȗƲǶǡǷƲȗǡǽǷ ǽǗ ȗǞǋ ȐǡǘǷƲǱ ȊȍǽǁǋȐȐ ǡȐ ǱǽΒ ǡǷ ȗǞǋ �X ƲǷǇ ȗǞǋ ǷǽǷॺȊȍǽǶȊȗ ǱǋȊॺ

ȗǽǷ ǶǋƲȐȚȍǋǶǋǷȗ ǞƲȐ ǱǽΒ ǁǽȍȍǋǱƲȗǡǽǷ ΒǡȗǞ ȗǞǋ ȐǡǘǷƲǱ ȐȗȍǋǷǘȗǞल

� bǡǘǞȗ ƲǷǇ =ǽǽȐǋ ǱǋȊȗǽǷ ǡȐǽǱƲȗǡǽǷ ǁȍǡȗǋȍǡǽǷ ǶȚȐȗ ǀǋ ǇǋϮǷǋǇ ǡǷ ǋƲǁǞ ȍǋǘǡǽǷल bǞǋ UȣȓȌȠȭ =ǡȠȭȓȍ

/ȌȠȣȓ͏ǡǝ qǡȭȓ U=/qॡࢳ ƲǱǘǽȍǡȗǞǶ ǡȐ Ʋ ȊǽΒǋȍǗȚǱ ǶƲǁǞǡǷǋ ǱǋƲȍǷǡǷǘ ǀƲȐǋǇ ȗǽǽǱ Ǘǽȍ ǡǇǋǷȗǡǗΘǡǷǘ ǷǽǷॺ

ȊȍǽǶȊȗ ǱǋȊȗǽǷȐ ƲǷǇ ȐȚȊȊǽȍȗȐ qǋȍΘbǡǘǞȗळ bǡǘǞȗळ ƲǷǇ =ǽǽȐǋ ΒǽȍǯǡǷǘ ȊǽǡǷȗȐल $ǽȍ ȗǞǋ ȊȚȍȊǽȐǋ ǽǗ ȗǞǋ

BBळ ȗǞǋ ΒǽȍǯǡǷǘ ȊǽǡǷȗȐ ȚȐǋǇ Ʋȍǋ T ॠqǋȍΘbǡǘǞȗॡ ƲǷǇL ॠ=ǽǽȐǋॡल bǞǋ ǷȚǶǀǋȍ ǽǗ ǋΑǋǷȗȐ ΒǡȗǞ ǽǷǋ

ȗǡǘǞȗ ॠǱǽǽȐǋॡ ǱǋȊȗǽǷNT ॠNLॡ ǁƲǷ ȗǞǋǷ ǀǋ ΒȍǡȗȗǋǷ ƲȐ

NL = NL
R +NL

F

NT = NT
R +NT

F = εRN
L
R + εFN

L
F

ॠ࣊लࣂॡ

ΒǞǋȍǋ εR/F = NT
R/F /N

L
R/F Ʋȍǋ ȗǞǋ ǗȍƲǁȗǡǽǷ ǽǗ ǋΑǋǷȗȐ ΒǡȗǞ ȍǋƲǱूǗƲǯǋ ǱǋȊȗǽǷȐ ȊƲȐȐǡǷǘ ȗǞǋ ǱǽǽȐǋ Ȑǋॺ

ǱǋǁȗǡǽǷ ȗǞƲȗ ƲǱȐǽ ȊƲȐȐ ȗǞǋ ȗǡǘǞȗ ȐǋǱǋǁȗǡǽǷल �ȌȚƲȗǡǽǷ ࣊लࣂ ǁƲǷ ǀǋ ȍǋƲȍȍƲǷǘǋǇ ǡǷȗǽ Ʋ ǶƲȗȍǡΗ ǋȌȚƲȗǡǽǷ ƲǷǇ

ǡǷΑǋȍȗǋǇळ ȐȚǁǞ ȗǞƲȗNT
F ǁƲǷ ǀǋ ǁƲǱǁȚǱƲȗǋǇ ƲǗȗǋȍ εR/F Ʋȍǋ ǶǋƲȐȚȍǋǇ ǡǷ ȗǞǋ �Xल bǞǋ ǗȚǱǱ ǡǶȊǱǋǶǋǷȗƲॺ

ȗǡǽǷ ǽǗ ȗǞǋ BB ǡǷ ȗǞǋ tt̄W ǶǋƲȐȚȍǋǶǋǷȗ ǡȐ ǘǡΑǋǷ ǡǷ �ȊȊǋǷǇǡΗ $ ǽǗ ȗǞǋ tt̄W ǡǷȗǋȍǷƲǱ Ƿǽȗǋ ।ࣁࣃ॥ल

bǞǋBB ǡȐ ǁǽǷȐǡǇǋȍǋǇ Ǘǽȍ tt̄W ǀȚȗ ΒƲȐ ȚǱȗǡǶƲȗǋǱΘ Ƿǽȗ ȚȐǋǇ ǇȚǋ ȗǽ ȗǞǋ ǇǡϨǁȚǱȗΘ ǡǷ ǁǽǷȐȗȍȚǁȗǡǷǘ

ࣅࣂࣂ



ȌȚƲǱǡȗΘ �X ΒǡȗǞ ǱǽΒ tt̄W ǁǽǷȗƲǶǡǷƲȗǡǽǷ ΒǡȗǞǽȚȗ ǋΗȊǱǡǁǡȗǱΘ ȚȐǡǷǘ ȗǞǋ U=/q ȗǽǽǱ Ǘǽȍ ȗǞǋ �X ǇǋϮǷǡॺ

ȗǡǽǷल bǞǋ ǀƲǁǯǘȍǽȚǷǇ ǋȐȗǡǶƲȗǡǽǷ ȐȗȍƲȗǋǘΘ ƲǇǽȊȗǋǇ Ǘǽȍ ȗǞǋ tt̄W ǶǋƲȐȚȍǋǶǋǷȗ ǡȐ ȗǞǋ ȐǋǶǡ ǇƲȗƲॺǇȍǡΑǋǷ

bǡȌȠȇǈȭǡ $Ƿȭ b$ॡࢳ ǶǋȗǞǽǇळ ΒǞǡǁǞ ȍǋǱǡǋȐ ǽǷB� Ǘǽȍ ǶǽǇǋǱǡǷǘ ȗǞǋ ȐǞƲȊǋ ǽǗ ǀƲǁǯǘȍǽȚǷǇ ǇǡȐȗȍǡǀȚȗǡǽǷȐ

ΒǞǡǱǋ ϮȗȗǡǷǘ ǷǽȍǶƲǱǡΝƲȗǡǽǷȐ ȗǽ ǇƲȗƲल /Ƿ ǋΗǁǞƲǷǘǋळ ȗǞǋ b$ ǶǋȗǞǽǇ ǁƲǷ ȚȐǋ ȗǞǋ U=/q ȗǽǽǱ ǡǷ ȗǞǋ ǇǋϮॺ

ǷǡȗǡǽǷ ǽǗ ȐǡǘǷƲǱ ƲǷǇ ǁǽǷȗȍǽǱ ȍǋǘǡǽǷȐळ ƲǱǱǽΒǡǷǘ ǶȚǁǞ ǀǋȗȗǋȍ ȐǋȊƲȍƲȗǡǽǷ ǽǗ ȗǞǋ ǀƲǁǯǘȍǽȚǷǇ ƲǷǇ ȐǡǘǷƲǱ

ȊȍǽǁǋȐȐǋȐल UȍǽǶȊȗ ƲǷǇ ǷǽǷॺȊȍǽǶȊȗ ǀƲǁǯǘȍǽȚǷǇȐ ǁƲǷ ǀǋ ǋȐȗǡǶƲȗǋǇ ȐǡǶȚǱȗƲǷǋǽȚȐǱΘ ΒǡȗǞ ȗǞǋ tt̄W

ȐǡǘǷƲǱ ȐȗȍǋǷǘȗǞ ǶǋƲȐȚȍǋǶǋǷȗ ȚȐǡǷǘ ȗǞǋ b$ ǶǋȗǞǽǇ ƲȐ ΒǋǱǱळ Ʋ ǇǋȐǡȍƲǀǱǋ ǗǋƲȗȚȍǋ ȚǷǇǋȍ ȗǞǋ ǋΗȊǋǁȗƲȗǡǽǷ

ȗǞƲȗ µtt̄W ΒǡǱǱ ǀǋ ȊȚǱǱǋǇ ǗȍǽǶ ȚǷǡȗΘल

bǞǡȐ ǁǞƲȊȗǋȍ ΒǡǱǱ ǇǋȐǁȍǡǀǋ ȗǞǋ ǇǋϮǷǡȗǡǽǷ ǽǗ ȐǡǘǷƲǱ ȍǋǘǡǽǷȐ ƲǷǇ ǁǽǷȗȍǽǱ ȍǋǘǡǽǷȐ ǀǋΘǽǷǇ ȗǞǋ ǀƲȐǡǁ

2![[ ƲǷǇ 3! ǱǋȊȗǽǷ ǇǋϮǷǡȗǡǽǷȐळ ȗǞǋ ǇǋȐǁȍǡȊȗǡǽǷ ƲǷǇ ǡǶȊǱǋǶǋǷȗƲȗǡǽǷ ǽǗ ȗǞǋ U=/q ƲǱǘǽȍǡȗǞǶळ ȐΘȐȗǋǶॺ

Ʋȗǡǁ ȚǷǁǋȍȗƲǡǷȗǡǋȐळ ƲǷǇ ȗǞǋ ȐȗƲȗǡȐȗǡǁƲǱ ǗǽȍǶƲǱǡȐǶ ȚȐǋǇ ȗǽ ȊǋȍǗǽȍǶ ȗǞǋ ǶǋƲȐȚȍǋǶǋǷȗल

࣊ঢࣂ UӟӐӈӜӪ =ҟӜӪӐӉ /ӈӜӟӐӺҟқ qҟӪӐ

bǞǋ U=/q ǡȐ Ʋ ǶȚǱȗǡΑƲȍǡƲȗǋ ȗƲǘǘǋȍ ǇǋȐǡǘǷǋǇ ǀΘ ȗǞǋ /ȐǽǱƲȗǡǽǷ ƲǷǇ $Ʋǯǋ $ǽȍȚǶ ǽǗ ȗǞǋ �b=�[ �ǽǱॺ

ǱƲǀǽȍƲȗǡǽǷ ȗǽ ǡǇǋǷȗǡǗΘ ǷǽǷॺȊȍǽǶȊȗ ǱǋȊȗǽǷȐल /ȗ ǡȐ Ʋ �ȓȓȦȭǡǝ �ǡǗǷȦǷȓȍ bȣǡǡ ��bॡࢳ ȗǞƲȗ ǡȐ ȗȍƲǡǷǋǇ ǽǷ

ΑƲȍǡƲǀǱǋȐ ǁǽǷȐȗȍȚǁȗǋǇ ǗȍǽǶ ǱǋȊȗǽǷ ƲǷǇ Ǭǋȗ ȗȍƲǁǯȐल /ȗ ǡȐ Ʋ ȊǽΒǋȍǗȚǱ ȗǽǽǱ Ǘǽȍ ȍǋǬǋǁȗǡǷǘ ǗƲǯǋ ǱǋȊȗǽǷȐ ǀǋॺ

ΘǽǷǇ ȗǞǋ ǡȐǽǱƲȗǡǽǷ ǁǽǷǋ ǶǋȗǞǽǇ ǡǷ ȐǡȗȚƲȗǡǽǷȐ ΒǞǋȍǋ ǞǡǘǞॺpT ȐǋǁǽǷǇƲȍΘ ǱǋȊȗǽǷȐ Ʋȍǋ ȊȍǽǇȚǁǋǇ ΒǡȗǞǡǷ

Ʋ ȗȍƲǁǯ Ǭǋȗ ǀȚȗ ǽȚȗȐǡǇǋ ǽǗ Ʋ ǷƲȍȍǽΒ ǡȐǽǱƲȗǡǽǷ ǁǽǷǋळ ƲȐ ǡǱǱȚȐȗȍƲȗǋǇ ǡǷ $ǡǘȚȍǋ ࣊लࣂल /Ǘ ǡǷȐȗǋƲǇ ƲǱǱ ȗȍƲǁǯȐ

ΒǡȗǞǡǷ ȗǞǋ ǱƲȍǘǋȍ Ǭǋȗ ȍƲǇǡȚȐ Ʋȍǋ ǁǽǷȐǡǇǋȍǋǇळ Ƕǽȍǋ ǡǷǗǽȍǶƲȗǡǽǷ ǁƲǷ ǀǋ ȚȐǋǇ ȗǽ ǇǋȗǋȍǶǡǷǋ ȗǞǋ ǷƲȗȚȍǋ

ǽǗ ǁƲǷǇǡǇƲȗǋ ǱǋȊȗǽǷȐल bǞǋ U=/q ǡȐ ȗȍƲǡǷǋǇ Ǘǽȍ ǶȚǽǷȐळ ǀƲȍȍǋǱ ǋǱǋǁȗȍǽǷȐ ॠ|ηe| < 1.37ॡळ ƲǷǇ ǋǷǇǁƲȊ

ǋǱǋǁȗȍǽǷȐ ॠ|ηe| > 1.52ॡ ȗǽ ǶƲΗǡǶǡΝǋ ȗǞǋ ȊǋȍǗǽȍǶƲǷǁǋȐ ǡǷ ǋƲǁǞ ǁƲȐǋल

bǞȍǋǋ ΑƲȍǡƲǀǱǋȐ Ʋȍǋ ǇǋϮǷǋǇ ȗǞƲȗ ǁǞƲȍƲǁȗǋȍǡΝǋ ȗǞǋ ǱǋȊȗǽǷ ƲǷǇ ȗǞǋ ȗȍƲǁǯ Ǭǋȗ ȗǞƲȗ ǡȐ ǶƲȗǁǞǋǇ ȗǽ ȗǞǋ

ࣆࣂࣂ



ǱǋȊȗǽǷऴ

़ bǞǋ ȍƲȗǡǽ ǽǗ ȗǞǋ ǱǋȊȗǽǷ ȗȍƲǁǯ pT ȗǽ ȗǞǋ ȗȍƲǁǯ Ǭǋȗ pT

़ bǞǋ∆R ǀǋȗΒǋǋǷ ȗǞǋ ǱǋȊȗǽǷ ƲǷǇ ȗǞǋ ȗȍƲǁǯ Ǭǋȗ ǁǋǷȗȍƲǱ ƲΗǡȐ

़ bǞǋ ǱǋȊȗǽǷঌȐ ǶǽǶǋǷȗȚǶ ǡǷ ȗǞǋ ȊǱƲǷǋ ȗȍƲǷȐΑǋȍȐǋ ȗǽ ȗǞǋ ȗȍƲǁǯ Ǭǋȗ ǁǋǷȗȍƲǱ ƲΗǡȐ ॠǋǱǋǁȗȍǽǷȐ ǽǷǱΘॡ

़ CȚǶǀǋȍ ǽǗ ȗȍƲǁǯȐ ΒǡȗǞǡǷ ȗǞǋ ȗȍƲǁǯ Ǭǋȗ ǶƲȗǁǞǋǇ ȗǽ ȗǞǋ ǱǋȊȗǽǷ ॠǋǱǋǁȗȍǽǷȐ ǽǷǱΘॡ

$ǽȚȍ ƲǇǇǡȗǡǽǷƲǱ ΑƲȍǡƲǀǱǋȐ Ʋȍǋ ǇǋϮǷǋǇ ȗǞƲȗ ǋΑƲǱȚƲȗǋ ȗǞǋ ǡȐǽǱƲȗǡǽǷ ǽǗ ȗǞǋ ǱǋȊȗǽǷ ȗǽ ǁƲǱǽȍǡǶǋȗǋȍ ǁǱȚȐȗǋȍȐऴ

़ bǞǋ ȐȚǶ ǽǗ ǋǱǋǁȗȍǽǷ ǁǱȚȐȗǋȍET ǇǡΑǡǇǋǇ ǀΘ ȗǞǋ ǋǱǋǁȗȍǽǷ ȗȍƲǁǯ pT ॠǋǱǋǁȗȍǽǷȐ ǽǷǱΘॡ

़ �ƲǱǽȍǡǶǋȗǋȍ ǁǱȚȐȗǋȍET ƲȐȐǽǁǡƲȗǋǇ ȗǽ ȗǞǋ ǶȚǽǷ ǇǡΑǡǇǋǇ ǀΘ ȗǞǋET ǋΗȊǋǁȗǋǇ ǀΘ ƲBǷȍǷȌȰȌ
/ȓȍǷ͛ǷȍǮ UǈȣȭǷǗȇǡ B/Uॡࢳ ॠǶȚǽǷȐ ǽǷǱΘॡ

़ [ȚǶ ǽǗ ȗȍƲǁǯ pT ǡǷ Ʋ ǁǽǷǋ ǽǗ∆R < 0.3 ƲȍǽȚǷǇ ȗǞǋ ǱǋȊȗǽǷ ȗȍƲǁǯ ǇǡΑǡǇǋǇ ǀΘ ǱǋȊȗǽǷ ȗȍƲǁǯ pT

़ [ȚǶ ǽǗ ǁƲǱǽȍǡǶǋȗǋȍ ǁǱȚȐȗǋȍET ǡǷ Ʋ ǁǽǷǋ ǽǗ∆R < 0.3 ƲȍǽȚǷǇ ȗǞǋ ǱǋȊȗǽǷ ȗȍƲǁǯ ǇǡΑǡǇǋǇ ǀΘ
ǱǋȊȗǽǷ ȗȍƲǁǯ pT

$ǡǷƲǱǱΘळ ȗΒǽ ΑƲȍǡƲǀǱǋȐ ȐǋǷȐǡȗǡΑǋ ȗǽ ȗǞǋ [ǡǗȓȍǝǈȣ͖ qǡȣȭǡ͕ qॡ]ࢳ Ʋȍǋ ȚȐǋǇऴ

़ bǞǋ Ȑǁǽȍǋ ǽǗ Ʋ XCC ȗȍƲǡǷǋǇ ȗǽ ǡǇǋǷȗǡǗΘ ȐǋǁǽǷǇƲȍΘ ΑǋȍȗǡǁǋȐ ॠȗǞǋ ȐƲǶǋ ȚȐǋǇ ǡǷ ȗǞǋ ȍࣂ=� bॺ
ȗƲǘǘǡǷǘ ƲǱǘǽȍǡȗǞǶॡ

़ bǞǋ ǱǽǷǘǡȗȚǇǡǷƲǱ ǇǡȐȗƲǷǁǋ ǀǋȗΒǋǋǷ UȣǷȌǈȣ͖ qǡȣȭǡ͕ Uqॡࢳ ƲǷǇ [q ȍǋǁǽǷȐȗȍȚǁȗǋǇ ȚȐǡǷǘ ȗȍƲǁǯȐ
ΒǡȗǞ pT > 500Bǋq ǇǡΑǡǇǋǇ ǀΘ ǡȗȐ ȚǷǁǋȍȗƲǡǷȗΘ

bǞǋ ǱǋȊȗǽǷ pT ǡȐ ƲǱȐǽ ȊƲȐȐǋǇ ǡǷȗǽ ȗǞǋ Bq�ΒǡȗǞ ȗǞǋȐǋ ΑƲȍǡƲǀǱǋȐ ǇȚȍǡǷǘ ȗȍƲǡǷǡǷǘ ƲǷǇ ǋΑƲǱȚƲȗǡǽǷल

bǞǋ U=/q ǽȚȗȊȚȗ Ȑǁǽȍǋ ǋΑƲǱȚƲȗǋǇ Ǘǽȍ ǱǋȊȗǽǷȐ ǡǷ ȗǞǋ tt̄W ȊǞƲȐǋ ȐȊƲǁǋ Ʋȍǋ ȐǞǽΒǷ ǡǷ $ǡǘȚȍǋ ࣊लࣃल

bǞǋ qǋȍΘbǡǘǞȗळ bǡǘǞȗळ ƲǷǇ =ǽǽȐǋ ΒǽȍǯǡǷǘ ȊǽǡǷȗȐ Ʋȍǋ ǇǋϮǷǋǇ ǀƲȐǋǇ ǽǷ pTॺǇǋȊǋǷǇǋǷȗ ǁȚȗȐ ǽǷ ȗǞǋ

U=/q Ȑǁǽȍǋ ȗǽ ƲǁǞǡǋΑǋ Ʋ ȐǶǽǽȗǞ ǋϨǁǡǋǷǁΘ ƲȐ Ʋ ǗȚǷǁȗǡǽǷ ǽǗ ǱǋȊȗǽǷ pT ।ࣂࣆࣂ॥ल bǞǋȐǋ ȗǞȍǋǋ ΒǽȍǯǡǷǘ

ȊǽǡǷȗȐ Ʋȍǋ ǡǷǁǱȚȐǡΑǋळ ǡǷ ȗǞǋ ȐǋǷȐǋ ȗǞƲȗ ǋΑǋǷȗȐ ȊƲȐȐǡǷǘ ȗǞǋ =ǽǽȐǋ sU ΒǡǱǱ ƲǱȐǽ ȊƲȐȐ bǡǘǞȗ ƲǷǇ qǋȍΘॺ

bǡǘǞȗल bǞǋ ǡǷǷǽΑƲȗǡǽǷ ǽǗ ȗǞǋ tt̄W b$ǶǋƲȐȚȍǋǶǋǷȗ ȐȗȍƲȗǋǘΘ ǡȐ ȗǽ ǇǋϮǷǋ ǋΗǁǱȚȐǡΑǋ ΒǽȍǯǡǷǘ ȊǽǡǷȗȐ

ƲǯǡǷ ȗǽ ȊȐǋȚǇǽॺǁǽǷȗǡǷȚǽȚȐ bॺȗƲǘǘǡǷǘ ƲΑƲǡǱƲǀǱǋ ΒǡȗǞǡǷ �b=�[ल bǞǋȐǋ ǋΗǁǱȚȐǡΑǋ ΒǽȍǯǡǷǘ ȊǽǡǷȗȐ ǁƲǷ
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ATLAS DRAFT

Figure 3: A schematic diagram of prompt and non-prompt leptons that pass basic impact parameters and isolation
cuts. d0 and z0 correspond to the transverse and longitudinal impact parameters respectively, with L0 corresponding
to the secondary vertex decay length with respect to the primary vertex (PV).

small fraction of these non-prompt lepton can survive the isolation selection. Figure 3 shows a schematic497

representation of how a non-prompt lepton can pass a typical isolation selection and impact parameter498

cuts. Using the information of the tracks associated to the jets, these non-prompt lepton fraction can be499

reduced.500

The isolation cone may miss high pT tracks (shown in green in Figure 3) from the secondary decay501

vertex. With a wider track selection radius those tracks which were missed by the isolation variable502

can be identified. A secondary vertex may be reconstructed from those selected tracks and lepton503

track, which leads to a powerful way of discriminating between the prompt and non-prompt cases. The504

PromptLeptonImprovedVeto uses a multivariate method to reject such non-prompt light leptons. There505

are two sets of input variables for the electrons (barrel and endcap electrons share the same variable set)506

and muons respectively to maximise the performance.507

Three variables use the relationship between the track jet that matched to the lepton and lepton itself:508

• The ratio of the lepton track pT to the track jet pT509

• �R between the lepton and the track jet axis and510

• The lepton pT in matched track jet direction.511

Four additional variables to test whether the reconstructed lepton is isolated: The number of tracks collected512

by the track jet and the lepton track and calorimeter isolation variables. Two dedicated lifetime variables:513

PromptLeptonRNN and l
longitudinal
SV to PV /�, use the selected inner detector tracks within lepton track cone size514

at �R < 0.4 to capture the feature of semi-leptonic B hadron decays. Finally p
lepton
T bin number is fed to515

the BDT so that a pT dependent cut can be applied to improve the performance.516

In order to obtain smooth e�ciencies of the PLIV working points with respect to the lepton pT, a517

pT-dependent cut is used in the definition of the WPs. The result of this approach is a comparably flat518

non-prompt e�ciency as a function of the lepton pT. A detailed description of these working point519

definitions and their prompt/non-prompt selection e�ciencies can be found in Appendix B.1.2. The overall520

WP optimisation targeted a high sensitivity for the di�erent analyses that use the PL(I)V isolation in their521

lepton selection.522
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)LJXUH ���� ([DPSOH RI QRQ�SURPSW OHSWRQV WKDW ZRXOG QRW EH LGHQWLĆHG XVLQJ WKH LVRODWLRQ FRQHPHWKRG �OHIW�

EXW FRXOG EH LGHQWLĆHG LI WUDFN MHWV DUH FRQVLGHUHG� DV LQ 3/,9 �ULJKW�

ȗǞǋǷ ǀǋ ȚȐǋǇ ȗǽ ǇǋϮǷǋ ǽȍȗǞǽǘǽǷƲǱ ȐǡǘǷƲǱ ƲǷǇ ǁǽǷȗȍǽǱ ȍǋǘǡǽǷȐ ǋǷȍǡǁǞǋǇ ǡǷ ȗǞǋ tt̄W ȐǡǘǷƲǱ ƲǷǇ ǷǽǷॺ

ȊȍǽǶȊȗ ǀƲǁǯǘȍǽȚǷǇȐळ ȍǋȐȊǋǁȗǡΑǋǱΘल bǞǋ tt̄W ƲǷƲǱΘȐǡȐ ǇǋϮǷǋȐ ȗǞǋ bǡǘǞȗ ॠbॡ ǋΗǁǱȚȐǡΑǋ ΒǽȍǯǡǷǘ ȊǽǡǷȗ

ƲȐ ǱǋȊȗǽǷȐ ȊƲȐȐǡǷǘ ȗǞǋ qǋȍΘbǡǘǞȗ U=/qsU ƲǷǇBǋǇǡȚǶ ॠBॡ ǋΗǁǱȚȐǡΑǋ sU ƲȐ ǱǋȊȗǽǷȐ ȊƲȐȐǡǷǘ bǡǘǞȗ

ǀȚȗ ǗƲǡǱǡǷǘ qǋȍΘbǡǘǞȗ ॠǡलǋल bǡǘǞȗCǽȗqǋȍΘbǡǘǞȗॡल bǞǋ ǇǋϮǷǡȗǡǽǷ ǽǗ ȗǞǋ ǋΗǁǱȚȐǡΑǋ ΒǽȍǯǡǷǘ ȊǽǡǷȗȐ ƲȐ Ʋ

ǗȚǷǁȗǡǽǷ ǽǗ pT ƲǷǇ U=/q ǡȐ ȐǞǽΒǷ ǡǷ $ǡǘȚȍǋ ࣊लࣄल bǞǋ ǁƲǱǡǀȍƲȗǡǽǷ ǽǗ ȗǞǋȐǋ ƲǷƲǱΘȐǡȐॺȐȊǋǁǡϮǁ ΒǽȍǯǡǷǘ

ȊǽǡǷȗȐ ΒǡǱǱ ǀǋ ǇǡȐǁȚȐȐǋǇ ǡǷ [ǋǁȗǡǽǷ ࣊लࣄल

ATLAS DRAFT

B Prompt Lepton Improved Veto Optimisation and Calibration1281

A significant source of non-prompt leptons are from decays of hadrons that contain bottom or charm quark.1282

These non-prompt leptons can pass the tight selection criteria.1283

An MVA algorithm Prompt Lepton Improved Veto (PLIV) was developed to suppress these backgrounds,1284

as well as fake electrons from photon conversions.1285

Figure 79: PLIV distribution shown separately for muons (right) and electrons (left). The distributions are done per
lepton such that the PLIV value of muons from µµ, eµ and µe events is used in the muon distribution, and the PLIV
value of electrons from ee, eµ and µe events is used in the electron distribution. The contribution in red stands for
leptons from prompt backgrounds, while the contribution in blue stands for leptons from non-prompt backgrounds.
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)LJXUH ���� U=/q ǽȚȗȊȚȗ Ȑǁǽȍǋ Ǘǽȍ ǋǱǋǁȗȍǽǷȐ ॠǱǋǗȗॡ ƲǷǇ ǶȚǽǷȐ ॠȍǡǘǞȗॡ ǡǷ ȗǞǋ tt̄W ȊǞƲȐǋ ȐȊƲǁǋ ।ࣁࣃ॥
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)LJXUH ���� ([FOXVLYHU=/q ΒǽȍǯǡǷǘ ȊǽǡǷȗ ǇǋϮǷǡȗǡǽǷȐ ।ࣁࣃ॥ल bǞǋ pTॺǇǋȊǋǷǇǋǷȗ U=/q ǁȚȗȐ Ʋȍǋ ȐǞǽΒǷ
ǇǋȍǡΑǋǇ ǁƲǱǡǀȍƲȗǋǇ ƲǷǇ ȚǷǁƲǱǡǀȍƲȗǋǇ ǱǋȊȗǽǷ pTळ ȐȚǁǞ ȗǞƲȗ ȗǞǋ Ȁ-1�&+ ȐȚϨΗ ǡȐ ȚǱȗǡǶƲȗǋǱΘ ȚȐǋǇ ΒǡȗǞ
ȊȍǽȊǋȍǱΘ ǁƲǱǡǀȍƲȗǋǇ ǱǋȊȗǽǷ pTल

࣊ঢࣃ [ҲҪӉ҇ӂ ҇Ӊқ �ӐӉӪӟӐӂ XҟҪҲӐӉ �ҟҩҲӉҲӪҲӐӉӣ

�ΑǋǷȗȐ ǡǷ ǇƲȗƲ ȍǋǁǽȍǇǋǇ ǇȚȍǡǷǘ ȗǞǋ ΘǋƲȍȐ ࣉࣂࣁࣃॺࣆࣂࣁࣃ ΒǞǡǱǋ Ǉǋȗǋǁȗǽȍ ȐȚǀȐΘȐȗǋǶȐ Βǋȍǋ ǡǷ ǘǽǽǇ ǁǽǷॺ

ǇǡȗǡǽǷȐ Ʋȍǋ ǁǽǷȐǡǇǋȍǋǇ Ǘǽȍ ȗǞǡȐ ƲǷƲǱΘȐǡȐल �ΑǋǷȗȐ Ʋȍǋ ȍǋȌȚǡȍǋǇ ȗǽ ǞƲΑǋ ǀǋǋǷ ȐǋǱǋǁȗǋǇ ǀΘ ȗǞǋ ǱǽΒǋȐȗ pTॺ

ȗǞȍǋȐǞǽǱǇ ȚǷॺȊȍǋȐǁƲǱǋǇ ǇǡǱǋȊȗǽǷ,ǷǮǴ =ǡ͏ǡȇ bȣǷǮǮǡȣ bॡ=,ࢳ ǘǡΑǋǷ ǡǷ bƲǀǱǋ ࣊लࣂल �ǱǋǁȗȍǽǷȐ ȚȐǋǇ ȗǽ Ϯȍǋ

ȗǞǋ ,=b Ʋȍǋ ȍǋȌȚǡȍǋǇ ȗǽ ȊƲȐȐ ȗǞǋ ΑǋȍΘ ǱǽǽȐǋ ǽȍ ǱǽǽȐǋ ǱǡǯǋǱǡǞǽǽǇ ǡǇǋǷȗǡϮǁƲȗǡǽǷ ȍǋȌȚǡȍǋǶǋǷȗ ΒǡȗǞǽȚȗ

Ʋ ȍǋȌȚǡȍǋǶǋǷȗ ǽǷ d0ल bǞǋ ƲǇǇǡȗǡǽǷ ǽǗ ȐǡǷǘǱǋ ǱǋȊȗǽǷ ȗȍǡǘǘǋȍȐ ǇǽǋȐ Ƿǽȗ ǡǷǁȍǋƲȐǋ ȗǞǋ ǋΗȊǋǁȗǋǇ tt̄W

ȐǡǘǷǡϮǁƲǷǁǋ ƲǘƲǡǷȐȗ ȗǞǋ ǀƲǁǯǘȍǽȚǷǇॺǽǷǱΘ ǞΘȊǽȗǞǋȐǡȐ ǀǋǁƲȚȐǋ ǽǗ ȗǞǋ ȐǡǶǡǱƲȍ ƲǁǁǋȊȗƲǷǁǋ ǽǗ tt̄W ƲǷǇ

ǷǽǷॺȊȍǽǶȊȗ ǱǋȊȗǽǷȐल [ǡǷǘǱǋ ǱǋȊȗǽǷ ȗȍǡǘǘǋȍȐ Ʋȍǋ ȗǞǋȍǋǗǽȍǋ Ƿǽȗ ǁǽǷȐǡǇǋȍǋǇल

� ǱǽǽȐǋ ǡǷǁǱȚȐǡΑǋ ॠ=ǡǷǁॡ ȊȍǋȐǋǱǋǁȗǡǽǷ ǡȐ ȚȐǋǇ ȗǽ ǇǋϮǷǋ ƲǷ ǡǷǡȗǡƲǱ Ȑǋȗ ǽǗ ǱǋȊȗǽǷȐ ƲǷǇ ǬǋȗȐ ΒǞǡǁǞ Ʋȍǋ

ȚȐǋǇ ȗǽ ǇǋϮǷǋ ȗǞǋ 2![[ ƲǷǇ 3! ƲǷƲǱΘȐǡȐ ǁǞƲǷǷǋǱȐल �ǱǋǁȗȍǽǷȐ ȊƲȐȐǡǷǘ pT > 10%ǋq ΒǡȗǞ |η| < 2.47

ƲǷǇ 1.37 < |η| < 1.52 Ʋȍǋ ǁǽǷȐǡǇǋȍǋǇल �ǱǋǁȗȍǽǷ ǁƲǷǇǡǇƲȗǋȐ Ʋȍǋ ǗȚȍȗǞǋȍ ȍǋȌȚǡȍǋǇ ȗǽ ȊƲȐȐ ȗǞǋ

=ǽǽȐǋ=, ǋǱǋǁȗȍǽǷ ǡǇǋǷȗǡϮǁƲȗǡǽǷ ΒǽȍǯǡǷǘ ȊǽǡǷȗ ƲǷǇ ȗǞǋ $�=ǽǽȐǋ ǡȐǽǱƲȗǡǽǷ ΒǽȍǯǡǷǘ ȊǽǡǷȗल �Ǳǋǁॺ

ࣉࣂࣂ



7DEOH ���� /LVW RI ORZHVW pT�WKUHVKROG� XQ�SUHVFDOHG GLOHSWRQ WULJJHUV XVHG IRU WKH 5XQ � GDWD WDNLQJ SHULRGV�
7KH VWULQJV OK�Y�ORRVH UHIHU WR HOHFWURQ LGHQWLĆFDWLRQ UHTXLUHPHQWV� QRG� UHIHUV WR WKH DEVHQFH RId0 UHTXLUH�
PHQW� DQG /��(0��9+ UHIHUV WR WKH QXPEHU RI (0 DQG KDGURQLF FDORULPHWHU FHOOV ZLWK HQHUJ\ DERYH WKUHVK�

ROG LQ WKH /� WULJJHU DOJRULWKP WKDW VHHGV WKH +/7�

�ǡǱǋȊȗǽǷ ȗȍǡǘǘǋȍȐ ॠࣆࣂࣁࣃॡ
µµ ���Ȁ*2ǐǗȀ*2Ǘ+,�ǐ pT,HLT ≥ 18 ƲǷǇ 8GeV
ee ���ȀǑ"ǐǑȀ)%),,0"Ȁ�ǐǑ��ǐǏ�� pT,HLT ≥ 12GeV (ǀǽȗǞ)

eµ, µe ���Ȁ"ǐǖȀ)%),,0"Ȁ*2ǐǓ pT,HLT ≥ 17 (e) ƲǷǇ 14 (µ)GeV
�ǡǱǋȊȗǽǷ ȗȍǡǘǘǋȍȐ ॠࣇࣂࣁࣃॡ

µµ ���Ȁ*2ǑǑȀ*2Ǘ+,�ǐ pT,HLT ≥ 22 ƲǷǇ 8GeV
ee ���ȀǑ"ǐǖȀ)%3),,0"Ȁ+,!Ǐ pT,HLT ≥ 17GeV (ǀǽȗǞ)

eµ, µe ���Ȁ"ǐǖȀ)%),,0"Ȁ+,!ǏȀ*2ǐǓ pT,HLT ≥ 17 (e) ƲǷǇ 14 (µ)GeV
�ǡǱǋȊȗǽǷ ȗȍǡǘǘǋȍȐ ॠࣈࣂࣁࣃ ƲǷǇ ॡࣉࣂࣁࣃ

µµ ���Ȁ*2ǑǑȀ*2Ǘ+,�ǐ pT,HLT ≥ 22 ƲǷǇ 8GeV
ee ���ȀǑ"ǑǓȀ)%3),,0"Ȁ+,!Ǐ pT,HLT ≥ 24GeV (ǀǽȗǞ)

eµ, µe ���Ȁ"ǐǖȀ)%),,0"Ȁ+,!ǏȀ*2ǐǓ pT,HLT ≥ 17 (e) ƲǷǇ 14 (µ)GeV

ȗȍǽǷ ȗȍƲǁǯȐ Ʋȍǋ ȍǋȌȚǡȍǋǇ ȗǽ ǞƲΑǋ |d0|/σd0 < 5 ƲǷǇ |z0 sin θ| < 0.5ǶǶΒǡȗǞ ȍǋȐȊǋǁȗ ȗǽ ȗǞǋ Uq ȗǽ ǀǋ

ǁǽǷȐǡȐȗǋǷȗ ΒǡȗǞ ǀǋǡǷǘ ȊȍǽǇȚǁǋǇ ǀΘ ȗǞǋ ǞƲȍǇ ȐǁƲȗȗǋȍǡǷǘ ǡǷȗǋȍƲǁȗǡǽǷल BȚǽǷȐ ΒǡȗǞ pT > 10%ǋq ƲǷǇ

|η| < 2.5 Ʋȍǋ ǁǽǷȐǡǇǋȍǋǇल �ƲǷǇǡǇƲȗǋ ǶȚǽǷȐ Ʋȍǋ ȍǋȌȚǡȍǋǇ ȗǽ ȊƲȐȐ ȗǞǋ =ǽǽȐǋ ǡǇǋǷȗǡϮǁƲȗǡǽǷ ΒǽȍǯǡǷǘ

ȊǽǡǷȗळ $�=ǽǽȐǋ ǡȐǽǱƲȗǡǽǷळ ƲǷǇ ǞƲΑǋ |d0|/σd0 < 3 ƲǷǇ z0 sin θ < 0.5ǶǶΒǡȗǞ ȍǋȐȊǋǁȗ ȗǽ ȗǞǋ Uqल

UȍǋȐǋǱǋǁȗǡǽǷ ǬǋȗȐ Ʋȍǋ ȍǋǁǽǷȐȗȍȚǁȗǋǇ ΒǡȗǞ ȗǞǋ UƲȍȗǡǁǱǋ $ǱǽΒ ƲǱǘǽȍǡȗǞǶ ǗȍǽǶ Ǭǋȗ ȗȍƲǁǯȐ ƲǷǇ bǽȊǽ�ǱȚȐॺ

ȗǋȍȐ ǁǱȚȐȗǋȍǋǇ ΒǡȗǞ ȗǞǋ ƲǷȗǡॺkT ƲǱǘǽȍǡȗǞǶ ΒǡȗǞR = 0.4ल :ǋȗȐ Ʋȍǋ ȍǋȌȚǡȍǋǇ ȗǽ ǞƲΑǋ pT > 25%ǋq ƲǷǇ

|η| < 2.5ΒǞǡǱǋ ƲǱȐǽ ȊƲȐȐǡǷǘ ȗǞǋ bǡǘǞȗ ΒǽȍǯǡǷǘ ȊǽǡǷȗ ǽǗ ȗǞǋ :qbल :ǋȗȐ Ʋȍǋ ǁǽǷȐǡǇǋȍǋǇ ǡǷ ȗǞǋ ǽΑǋȍǱƲȊ

ȍǋǶǽΑƲǱ ȊȍǽǁǋǇȚȍǋ ǀǋǗǽȍǋ ȗǞǋ :qb ȍǋȌȚǡȍǋǶǋǷȗ ǡȐ ǡǶȊǽȐǋǇल $ǡǷƲǱǱΘळ ǬǋȗȐ Ʋȍǋ bॺȗƲǘǘǋǇ ΒǡȗǞ ȗǞǋ ȍࣂ=�

ƲǱǘǽȍǡȗǞǶ ȚȐǡǷǘ ȊȐǋȚǇǽॺǁǽǷȗǡǷȚǽȚȐ bॺȗƲǘǘǡǷǘ ǡǷǗǽȍǶƲȗǡǽǷल

�Ƿ ǽΑǋȍǱƲȊ ȍǋǶǽΑƲǱ ॠHXॡ ȊȍǽǁǋǇȚȍǋ ǡȐ ȊǋȍǗǽȍǶǋǇ ȗǽ ȍǋǶǽΑǋ ȊǞΘȐǡǁȐ ǽǀǬǋǁȗȐ ȗǞƲȗ Ʋȍǋ ǋȍȍǽǷǋǽȚȐǱΘ

ȍǋǁǽǷȐȗȍȚǁȗǋǇ ǗȍǽǶ ȗǞǋ ȐƲǶǋ Ǉǋȗǋǁȗǽȍ ȐǡǘǷƲȗȚȍǋȐल bǞǋ HX ȊȍǽǁǋǇȚȍǋ ǡȐ ǁǞǽȐǋǷ ȗǽ ǶƲΗǡǶǡΝǋ ȗǞǋ

ȍǋǁǽǷȐȗȍȚǁȗǡǽǷ ǋϨǁǡǋǷǁΘ ǽǗ ǱǋȊȗǽǷȐ ƲǷǇ bॺȗƲǘǘǋǇ ǬǋȗȐल � bॺǬǋȗ ƲΒƲȍǋ ȐǋȌȚǋǷȗǡƲǱ HX ȊȍǽǁǋǇȚȍǋ ǁǽǶॺ

࣊ࣂࣂ



ǶǽǷǱΘ ȚȐǋǇ ǀΘ �b=�[ [ȚȊǋȍȐΘǶǶǋȗȍΘ ȐǋƲȍǁǞǋȐ ǡȐ ǁǞǽȐǋǷ ।ࣃࣆࣂ॥ळ ƲǷǇ ȊȍǽǁǋǋǇȐ ƲȐ ǗǽǱǱǽΒȐ ॠȚȐǡǷǘ ȗǞǋ

੆ࣁࣈ bॺȗƲǘǘǡǷǘ ΒǽȍǯǡǷǘ ȊǽǡǷȗॡࣂऴ

लࣂ e/µऴ ǡǗ Ʋ ǶȚǽǷ ƲǷǇ ǋǱǋǁȗȍǽǷ ǽΑǋȍǱƲȊ ΒǡȗǞ∆R < 0.01ळ ȗǞǋ ǶȚǽǷ ǡȐ ȍǋǶǽΑǋǇ ǡǗ ǡȗ ǡȐ �ƲǱǽॺ
ȗƲǘǘǋǇ ॠǡलǋल ǇǽǋȐ Ƿǽȗ ȚȐǋ ƲǷΘ ǡǷǗǽȍǶƲȗǡǽǷ ǗȍǽǶ ȗǞǋB[ॡ ƲǷǇ ȗǞǋ ǋǱǋǁȗȍǽǷ ǡȐ ȍǋǶǽΑǋǇ ǽȗǞǋȍॺ
ΒǡȐǋ

लࣃ :ǋȗूeऴ ǡǗ ƲǷ ǋǱǋǁȗȍǽǷ ƲǷǇ Ǭǋȗ ǽΑǋȍǱƲȊ ΒǡȗǞ∆R < 0.02ळ ȗǞǋ Ǭǋȗ ǡȐ ȍǋǶǽΑǋǇ ǡǗ ǡȗ ǡȐ Ƿǽȗ bॺȗƲǘǘǋǇ
ǽȍ ǡǗ pT > 200%ǋqल bǞǋ ǋǱǋǁȗȍǽǷ ǡȐ Ƿǽȗ ȍǋǶǽΑǋǇ ǡǷ ƲǷΘ ǁƲȐǋल

लࣄ :ǋȗूµऴ ǡǗ ȗǞǋ ǶȚǽǷ ǡȐ ǘǞǽȐȗॺǶƲȗǁǞǋǇࣃ ȗǽ Ʋ Ǭǋȗ ΒǡȗǞǡǷ∆R < 0.4ळ ȗǞǋ Ǭǋȗ ǡȐ ȍǋǶǽΑǋǇ ǡǗ ǡȗ ǡȐ Ƿǽȗ
bॺȗƲǘǘǋǇ ƲǷǇ ǞƲȐ ǱǋȐȐ ȗǞƲǷ ࣄ ȗȍƲǁǯȐ ΒǡȗǞ pT > 500Bǋqल bǞǡȐ ǁǽǷǇǡȗǡǽǷ ǡȐ Ƿǽȗ ǗȍǋȌȚǋǷȗǱΘ
ȗȍǡǘǘǋȍǋǇल

लࣅ :ǋȗू!ऴ ǡǗ Ʋ Ǭǋȗ ǽΑǋȍǱƲȊȐ ΒǡȗǞ Ʋ ǱǋȊȗǽǷ ΒǡȗǞǡǷ∆R = 0.04 + 10%ǋq/pT,lep ȚȊ ȗǽ Ʋ ǶƲΗǡǶȚǶ
ǽǗ ळࣅलࣁ ȗǞǋ ǱǋȊȗǽǷ ǡȐ ȍǋǶǽΑǋǇल bǞǡȐ ΑƲȍǡƲǀǱǋ HX ǁǽǷǋ ȍǋǶǽΑǋȐ ǱǽΒॺpT ǱǋȊȗǽǷȐ Ƕǽȍǋ ǽǗȗǋǷ ƲȐ
ȗǞǋȐǋ Ʋȍǋ Ƕǽȍǋ ǱǡǯǋǱΘ ȗǽ ǀǋ ȍǋǁǽǷȐȗȍȚǁȗǋǇ ǗȍǽǶ Ǭǋȗ ȗȍƲǁǯȐल

�Ǘȗǋȍ ȗǞǋ HX ȊȍǽǁǋǇȚȍǋ ǡȐ ǁǽǶȊǱǋȗǋळ ȗǞǋ ȍǋǶƲǡǷǡǷǘ ǱǋȊȗǽǷȐ ƲǷǇ ǬǋȗȐ Ʋȍǋ ȚȐǋǇ ȗǽ ǁǱƲȐȐǡǗΘ ȗǞǋ ǋΑǋǷȗ

ǡǷȗǽ ȗǞǋ 2![[ ƲǷǇ 3! ǁǞƲǷǷǋǱȐ ƲǷǇ Ʋȍǋ ȐȚǀǬǋǁȗ ȗǽ ȗǞǋ ȗǡǘǞȗǋȍ B ƲǷǇ b ȍǋȌȚǡȍǋǶǋǷȗȐल $ǽȍ ǋǱǋǁȗȍǽǷȐळ

ȗǞǋ bǡǘǞȗ=, ǡǇǋǷȗǡϮǁƲȗǡǽǷsU ǡȐ ǡǶȊǽȐǋǇ ƲǱǽǷǘ ΒǡȗǞ ƲǇǇǡȗǡǽǷƲǱ ǁȚȗȐ ȗǽ ȍǋǬǋǁȗ ǡǷȗǋȍǷƲǱ ƲǷǇ ǋΗȗǋȍǷƲǱ

ǁǽǷΑǋȍȐǡǽǷȐल bǞǋ ǋǱǋǁȗȍǽǷ ƲǶǀǡǘȚǡȗΘ ȍǋȐǽǱΑǋȍ ǡȐ ƲȊȊǱǡǋǇ ȗǽ ȍǋǇȚǁǋ ȗǞǋ ǶǡȐॺȍǋǁǽǷȐȗȍȚǁȗǡǽǷ ǽǗ ȊǞǽȗǽǷȐ

ƲȐ ǋǱǋǁȗȍǽǷȐ ǀΘ ƲȊȊȍǽΗǡǶƲȗǋǱΘ ੆ࣂࣂ ।ࣄࣆࣂ॥ल �ǱǋǁȗȍǽǷȐ Ʋȍǋ ƲǱȐǽ ȍǋȌȚǡȍǋǇ Ƿǽȗ ȗǽ ǗƲǱǱ ǡǷȗǽ ȗǞǋ ǗǽǱǱǽΒǡǷǘ

ǁƲȗǋǘǽȍǡǋȐऴ

़ �ΗȗǋȍǷƲǱ ǁǽǷΑǋȍȐǡǽǷ ǁƲǷǇǡǇƲȗǋऴ Ʋ �ȓȍ͏ǡȣȦǷȓȍ qǡȣȭǡ͕ �qॡࢳ ǡȐ ǗǽȚǷǇ ΒǡȗǞR > 20ǶǶ ƲǷǇ
Mtrtr < 100Bǋq ǁƲǱǁȚǱƲȗǋǇ Ʋȗ ȗǞǋ �q

़ /ǷȗǋȍǷƲǱ ǁǽǷΑǋȍȐǡǽǷ ǁƲǷǇǡǇƲȗǋऴ Ƿǽȗ ƲǷ ǋΗȗǋȍǷƲǱ ǁǽǷΑǋȍȐǡǽǷ ǁƲǷǇǡǇƲȗǋ ƲǷǇR < 20ǶǶ ƲǷǇ
Mtrtr < 100Bǋq ǁƲǱǁȚǱƲȗǋǇ Ʋȗ ȗǞǋ Uq

�ǞǋǁǯȐࣂ ǽǗ ȗǞǋ HX ǇǋȊǋǷǇǋǷǁǋ ǽǷ ȗǞǋ bॺȗƲǘǘǡǷǘsU ǗǽȚǷǇ ȗǞǋ ǇǋȊǋǷǇǋǷǁǋ ȗǽ ǀǋ ǡǷǋϥǋǁȗȚƲǱ Ǘǽȍ ȗǞǋ
ǽΑǋȍƲǱǱ ƲǷƲǱΘȐǡȐ ȐǋǷȐǡȗǡΑǡȗΘ

bǞǋࣃ ǘǞǽȐȗॺƲȐȐǽǁǡƲȗǡǽǷ ǶǋȗǞǽǇ ǶƲȗǁǞǋȐ ȗȍƲǁǯȐ ȗǽ ǁƲǱǽȍǡǶǋȗǋȍ ǁǱȚȐȗǋȍȐ ǀΘ ȐǋȗȗǡǷǘ ȗǞǋ ȗȍƲǁǯ ǶǽǶǋǷȗȚǶ ȗǽ
Νǋȍǽ ॠƲ ǘǞǽȐȗॡ ƲǷǇ ǁǱȚȐȗǋȍǋǇ ΒǡȗǞ ǁƲǱǽȍǡǶǋȗǋȍ ǁǱȚȐȗǋȍȐ ।ࣃࣃࣂ॥ल /Ƿ ǇǽǡǷǘ Ȑǽळ ȗǞǋ pT ǽǗ ǁƲǱǽȍǡǶǋȗǋȍ ǁǱȚȐȗǋȍȐ ȗǞƲȗ
ǗǽȍǶ ǬǋȗȐ Ʋȍǋ ȚǷƲϥǋǁȗǋǇ ƲǷǇ ȗǞǋ ȍǋȐȚǱȗǡǷǘ ǁǱȚȐȗǋȍǡǷǘ ǇǋȗǋȍǶǡǷǋঌȐ ȗǞǋ ȗȍƲǁǯঌȐ ƲȐȐǽǁǡƲȗǡǽǷ ȗǽ ǁǱȚȐȗǋȍǋǇ ǬǋȗȐल

ࣁࣃࣂ



7DEOH ���� /RRVH LQFOXVLYH �/LQF�� /RRVH H[FOXVLYH �/�� 0HGLXP LQFOXVLYH �0LQF�� 0HGLXP H[FOXVLYH �0�� DQG 7LJKW

�7� OLJKW OHSWRQ GHĆQLWLRQV�

e µ
=ǡǷǁ = BǡǷǁ B b =ǡǷǁ = BǡǷǁ B b

$�=ǽǽȐǋ ǡȐǽǱƲȗǡǽǷ yǋȐ yǋȐ
U=/q Cǽ U=/q< 0 ƲǷǇ bǷǮǴȭ bǷǮǴȭ࣊ȍȓȭ࣊ qǡȣ͖bǷǮǴȭ Cǽ U=/q< 0 ƲǷǇ bǷǮǴȭ bǷǮǴȭ࣊ȍȓȭ࣊ qǡȣ͖bǷǮǴȭ

ȍȓȭ࣊bǷǮǴȭ qǡȣ͖bǷǮǴȭ ȍȓȭ࣊bǷǮǴȭ qǡȣ͖bǷǮǴȭ
/ǇǋǷȗǡϮǁƲȗǡǽǷ =ǽǽȐǋ bǡǘǞȗ =ǽǽȐǋ BǋǇǡȚǶ
��/�[ Cǽ yǋȐ C �ू
�ǽǷΑǋȍȐǡǽǷ ȍǋǬǋǁȗǡǽǷ Cǽ yǋȐ C �ू
|d0|/σd0 < 5 < 3
|z0 sin θ| < 0.5ǶǶ

�ǱǋǁȗȍǽǷȐ Ʋȍǋ ƲǇǇǡȗǡǽǷƲǱǱΘ ȍǋȌȚǡȍǋǇ ȗǽ ȊƲȐȐ ȍǋǬǋǁȗǡǽǷ ǀΘ ȗǞǋ �ȇǡǗȭȣȓȍ �ǴǈȣǮǡ /ǝǡȍȭǷχǗǈȭǷȓȍ [ǡȇǡǗȭȓȣ

ॡ]�/��ࢳ ȗǽ ȍǋǇȚǁǋ �ǴǈȣǮǡBǷȦǷǝǡȍȭǷχǗǈȭǷȓȍ WBǡȐ/�ॡࢳ ǀƲǁǯǘȍǽȚǷǇȐल BǋǇǡȚǶ ƲǷǇ bǡǘǞȗ ǶȚǽǷȐ

Ʋȍǋ ǽǷǱΘ ȍǋȌȚǡȍǋǇ ȗǽ ƲǇǇǡȗǡǽǷƲǱǱΘ ȊƲȐȐ ȗǞǋ BǋǇǡȚǶ ǡǇǋǷȗǡϮǁƲȗǡǽǷ ΒǽȍǯǡǷǘ ȊǽǡǷȗल $ǡǷƲǱǱΘळ ǱǋȊȗǽǷȐ

ǁǱƲȐȐǡϮǋǇ ƲȐ BळBǡǷǁळ ƲǷǇ b Ʋȍǋ ȍǋȌȚǡȍǋǇ ȗǽ ȊƲȐȐ ȗǞǋ bǡǘǞȗळ bǡǘǞȗCǽȗqǋȍΘbǡǘǞȗळ ƲǷǇ qǋȍΘbǡǘǞȗ

U=/qsUल bǞǋ ΑƲȍǡǽȚȐ ǇǋϮǷǡȗǡǽǷȐ ǽǗ ǱǋȊȗǽǷȐ Ʋȍǋ ȐȚǶǶƲȍǡΝǋǇ ǡǷ bƲǀǱǋ ࣊लࣃल

/Ƿ ǀǽȗǞ ȗǞǋ 2![[ ƲǷǇ 3! ǁǞƲǷǷǋǱȐळ [[ ǱǋȊȗǽǷȐ Ʋȍǋ ȍǋȌȚǡȍǋǇ ȗǽ ǞƲΑǋ pT > 20%ǋq ƲǷǇ ȊƲȐȐ ȗǞǋ

bǡǘǞȗ ǱǋȊȗǽǷ ǇǋϮǷǡȗǡǽǷल �ΑǋǷȗȐ ǡǷ ȗǞǋ 2![[ ॠ3!ॡ ǁǞƲǷǷǋǱ Ʋȍǋ ȍǋȌȚǡȍǋǇ ȗǽ ǞƲΑǋNjets ≥ 2(1) ƲǷǇ

Nb−jets ≥ 1ल $ǡǷƲǱǱΘळ ǁȚȗȐ ǽǷ ȗǞǋ ǡǷΑƲȍǡƲǷȗ ǶƲȐȐ ǽǗ ȗǞǋ ǱǋȊȗǽǷȐ Ʋȍǋ ǡǶȊǽȐǋǇ ȗǽ ȍǋǶǽΑǋ ǀƲǁǯǘȍǽȚǷǇȐ

ǁǽǶǡǷǘ ǗȍǽǶ ǁǽǷΑǋȍȐǡǽǷȐ ƲǷǇ tt̄Z/γ∗ ȊȍǽǇȚǁȗǡǽǷल /Ƿ 2![[ ǋΑǋǷȗȐळm!! > 12%ǋq Ǘǽȍ ȐƲǶǋ ϱƲΑǽȍ

ǱǋȊȗǽǷ ȊƲǡȍȐल /Ƿ 3! ǋΑǋǷȗȐळm!! > 12%ǋq Ǘǽȍ [ǈȌǡ࣊ψǈ͏ȓȣ ȓȠȠȓȦǷȭǡ࣊ȦǷǮȍ H[ॡ$]ࢳ ǱǋȊȗǽǷ ȊƲǡȍȐळ |m!! −

mZ | > 10%ǋq Ǘǽȍ [$H[ ǱǋȊȗǽǷ ȊƲǡȍȐळ ƲǷǇ |m3! − mZ | > 10%ǋqल bǞǋ [ǷǮȍǈȇ XǡǮǷȓȍ Xॡ]ࢳ

ǇǋϮǷǡȗǡǽǷȐ Ʋȍǋ ȐȚǶǶƲȍǡΝǋǇ ǡǷ bƲǀǱǋ ࣊लࣄल bǞǋ 3! ǁǞƲǷǷǋǱȐ Ʋȍǋ ǗȚȍȗǞǋȍ ȐȊǱǡȗ ǀƲȐǋǇ ǽǷ ȗǞǋ ǷȚǶǀǋȍ ǽǗ

[$H[ ȊƲǡȍȐ ȗǽ ǗȚȍȗǞǋȍ ȐǋȊƲȍƲȗǋ tt̄W ǗȍǽǶ tt̄Z/γ∗ ƲǷǇ V V ǀƲǁǯǘȍǽȚǷǇȐल bǞǋ ǋΗȊǋǁȗǋǇ ΘǡǋǱǇȐ ǡǷ

ȗǞǋ [X Ʋȍǋ ȐǞǽΒǷ ǡǷ $ǡǘȚȍǋ ࣊लࣅळ ΒǞǋȍǋ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ʋȍǋ ǽǀȗƲǡǷǋǇ ƲǗȗǋȍ Ʋ Ϯȗ ȗǽ ȗǞǋ �ȐǡǶǽΑ ǇƲȗƲȐǋȗࣄ

bǞǋࣄ ȊȐǋȚǇǽǇƲȗƲ ǽǀȗƲǡǷǋǇ ǗȍǽǶ ȗǞǋ ȗǽȗƲǱ ΘǡǋǱǇȐ ǽǗ ȐǡǘǷƲǱ ƲǷǇ ǀƲǁǯǘȍǽȚǷǇ ȊȍǋǇǡǁȗǡǽǷȐ ǡȐ ȍǋǗǋȍȍǋǇ ȗǽ ƲȐ ȗǞǋ
�ȐǡǶǽΑ ǇƲȗƲȐǋȗ ǗǽǱǱǽΒǡǷǘ हहल bǞǋ ǷƲǶǋ ȍǋǗǋȍǋǷǁǋȐ /ȐƲƲǁ �ȐǡǶǽΑঌȐ উ$ȍƲǷǁǞǡȐǋळঊ ǡǷ ΒǞǡǁǞ Ʋ ȐǡǷǘǱǋ ǡǷǇǡΑǡǇȚƲǱ
ΒǞǽ ǀǋȐȗ ȍǋȊȍǋȐǋǷȗȐ ȗǞǋ ȊǽȊȚǱƲȗǡǽǷ ǡȐ ǁǞǽȐǋǷ ȗǽ ǁƲȐȗ ȊǽǱǡȗǡǁƲǱ ǋǱǋǁȗǡǽǷ ǀƲǱǱǽȗȐल �Θ ƲǷƲǱǽǘΘळ ȗǞǋ �ȐǡǶǽΑ ǇƲȗƲȐǋȗ
ǀǋȐȗ ȍǋȊȍǋȐǋǷȗȐ ȗǞǋ ȊǽȐȐǡǀǱǋ ǽǀȐǋȍΑǋǇ ǇƲȗƲ ǘǡΑǋǷ ȗǞǋ [B ǞΘȊǽȗǞǋȐǡȐल

ࣂࣃࣂ



7DEOH ���� 'HĆQLWLRQ RI WKH 2!SS DQG 3! 65V� ZKLFK DUH ERWK IXUWKHU VSOLW E\ WKHLU WRWDO FKDUJH �L�H� SRVLWLYH RU
QHJDWLYH�� 7KH OHSWRQV LQ WKH 3! UHJLRQ DUH RUGHUHG VXFK WKDW OHSWRQ 0 KDV DQ RSSRVLWH FKDUJH ZLWK UHVSHFW WR
OHSWRQV 1 DQG 2 �L�H� WKH VDPH�VLJQ SDLU��

2"SS ॠ++ ƲǷǇ−−ॡ 3" ॠ+ ƲǷǇ−ॡ
Nleptons = 2 ॠǀǽȗǞ ȊƲȐȐǡǷǘ bǡǘǞȗॡ = 3 ॠȊƲȐȐǡǷǘ =ǽǽȐǋळ bǡǘǞȗ ƲǷǇ bǡǘǞȗॡ∑

Q!,i ±2 ±1
=ǋȊȗǽǷ pT pT > 20GeV pT,OS > 10GeV

pT,SS > 20GeV
Njets ≥ 2 ≥ 1
Nb−jets 1@60% ǽȍ Ʋȗ ǱǋƲȐȗ 2@77% 1@60% ǽȍ Ʋȗ ǱǋƲȐȗ 2@77%
/ǷΑल ǶƲȐȐ ǁȚȗȐ m!! > 12GeV Ǘǽȍ [$ ȊƲǡȍȐ m!! > 12GeV Ǘǽȍ [$H[ ȊƲǡȍȐ

|m!! −mZ| > 10GeV Ǘǽȍ [$H[ ȊƲǡȍȐ
|m3! −mZ| > 10GeV

ΒǡȗǞǽȚȗ ȐΘȐȗǋǶƲȗǡǁ ȚǷǁǋȍȗƲǡǷȗǡǋȐल

bǞǋ �X ȚȐǋǇ ǡǷ ȗǞǋ tt̄W ǶǋƲȐȚȍǋǶǋǷȗ Ʋȍǋ ȐȚǶǶƲȍǡΝǋǇ ǡǷ $ǡǘȚȍǋ ࣊लࣆल /Ƿ ȗǽȗƲǱळ ࣁࣂ �X Ʋȍǋ ǇǋϮǷǋǇ

ƲȐ ǗǽǱǱǽΒȐ ƲǷǇ ǡǱǱȚȐȗȍƲȗǋǇ ǡǷ $ǡǘȚȍǋ ࣊लࣆऴ

़ ,ǡǈ͏͖ $ȇǈ͏ȓȣ ॡ$,ࢳ �Xऴ [ǡΗ �X Ʋȍǋ ǇǋϮǷǋǇ ǡǷ ȗǞǋ 2![[ ǁǞƲǷǷǋǱ ΒǞǋȍǋ Ʋȗ ǱǋƲȐȗ ǽǷǋ ǽǗ ȗǞǋ
ǱǋȊȗǽǷȐ ǗƲǡǱȐ ȗǞǋ qǋȍΘbǡǘǞȗ U=/q ȐǋǱǋǁȗǡǽǷ ॠǋलǡल bBळBbळBBॡल bǞǋȐǋ ȍǋǘǡǽǷȐ Ʋȍǋ ȐȊǱǡȗ ǀΘ
ȗǞǋ ϱƲΑǽȍ ǽǗ ȗǞǋ ȐȚǀǱǋƲǇǡǷǘ ǱǋȊȗǽǷ ƲǷǇ ǀǡǷǷǋǇ ǡǷ ȗǞǋ ȐȚǀǱǋƲǇǡǷǘ ǱǋȊȗǽǷঌȐ pTल bǞǋ ȗȍƲǷȐΑǋȍȐǋ
ǶƲȐȐMT ǽǗ ȗǞǋ ǇǡǱǋȊȗǽǷॺEmiss

T ȐΘȐȗǋǶ ǡȐ ȍǋȌȚǡȍǋǇ ȗǽ ǀǋ ǱǋȐȐ ȗǞƲǷ ࣁࣆࣃ %ǋqࣅळ ΒǞǡǁǞ ǞǋǱȊȐ
ǡȐǽǱƲȗǋ tt̄ ǋΑǋǷȗȐ ǡǷ ΒǞǡǁǞ ȗǞǋ ǽǷǱΘ ȐǽȚȍǁǋ ǽǗEmiss

T ǡȐ Ʋ ȐǡǷǘǱǋW → !ν ǇǋǁƲΘळ ΒǞǡǁǞ ǞƲȐ ƲǷ
ȚȊȊǋȍ ǀǽǷǇ ǽǗMT (!, ν) ≤ MW ल bǞǋΘ ǽȗǞǋȍΒǡȐǋ ȚȐǋ ȗǞǋ ȐƲǶǋ ǽǀǬǋǁȗ ȐǋǱǋǁȗǡǽǷȐ ƲȐ ȗǞǋ [Xळ
ǡǷǁǱȚǇǡǷǘ Αǋȗǽ ǽǗ ǁǽǷΑǋȍȐǡǽǷ ǁƲǷǇǡǇƲȗǋȐल

़ V V ƲǷǇ tt̄Z �Xऴ bΒǽ �X Ʋȍǋ ǇǋϮǷǋǇ ǡǷ ȗǞǋ 3! ǁǞƲǷǷǋǱ ΒǞǋȍǋ ȗǞǋȍǋ ǡȐ Ʋȗ ǱǋƲȐȗ ǽǷǋ [$H[
ǱǋȊȗǽǷ ȊƲǡȍ ΒǡȗǞ |m!! −mZ | < 10%ǋq ॠǋǷȐȚȍǡǷǘ ǽȍȗǞǽǘǽǷƲǱǡȗΘ ΒǡȗǞ ȗǞǋ 3! [Xॡल =ǋȊȗǽǷȐ
ǽǗ ȗǞǋ ȐƲǶǋ ǁǞƲȍǘǋ Ʋȍǋ ƲǁǁǋȊȗǋǇ ȊƲȐȐǡǷǘ ȗǞǋ BǡǷǁ ǇǋϮǷǡȗǡǽǷल bǞǋ V V �X ǡǷǁǱȚǇǋȐ ǋΑǋǷȗȐ
ΒǡȗǞ 2 ǽȍ 3 ǬǋȗȐ ƲǷǇ ǋΗƲǁȗǱΘ 1 bॺǬǋȗ ॠȚȐǡǷǘ ȗǞǋ ǞΘǀȍǡǇ bॺǬǋȗ ǇǋϮǷǡȗǡǽǷॡ ƲǷǇ ǡȐ ȊȍǡǶƲȍǡǱΘ ǋǷȍǡǁǞǋǇ
ǡǷ ȗǞǋW±Z ǀƲǁǯǘȍǽȚǷǇल � ȐǋǁǽǷǇ �X ȗƲȍǘǋȗǡǷǘ tt̄Z ǡǷǁǱȚǇǋȐ ǋΑǋǷȗȐ ΒǡȗǞ≥ 4 ǬǋȗȐ ƲǷǇ
≥ 1bॺȗƲǘǘǋǇ Ǭǋȗल bǞǋȐǋ ȍǋǘǡǽǷȐ Ʋȍǋ ǀǡǷǷǋǇ ǡǷNb−jetsल

bǞǋࣅ ȗȍƲǷȐΑǋȍȐǋ ǶƲȐȐ ǡȐ ǇǋϮǷǋǇ ƲȐMT =
√
2ET,1ET,2(1− cos∆φ) Ǘǽȍ ǶƲȐȐǱǋȐȐ ȊƲȍȗǡǁǱǋȐ ΒǡȗǞ Ƕǽॺ

ǶǋǷȗƲ p1,2

ࣃࣃࣂ



़ �ǽǷΑǋȍȐǡǽǷ �Xऴ bΒǽ �X Ʋȍǋ ǇǋϮǷǋǇ ǡǷ ȗǞǋ 3! ǁǞƲǷǷǋǱ ΒǞǋȍǋ ȗǞǋ ǁǽǷΑǋȍȐǡǽǷ Αǋȗǽ ǁȍǡȗǋȍǡƲ ǽǗ
ȗǞǋ [X Ʋȍǋ ǡǷΑǋȍȗǋǇल �ΑǋǷȗȐ Ʋȍǋ ȍǋȌȚǡȍǋǇ ȗǽ ǞƲΑǋ Ƿǽ bॺȗƲǘǘǋǇ ǬǋȗȐ ȗǽ ȍǋǇȚǁǋ ȗǞǋ ǁǽǷȗȍǡǀȚȗǡǽǷ ǽǗ
,$ ǗƲǯǋȐल �ΑǋǷȗȐ Ʋȍǋ Ƿǽȗ ǀǡǷǷǋǇ ǡǷ ƲǷΘ ȊƲȍȗǡǁȚǱƲȍ ΑƲȍǡƲǀǱǋ ǡलǋल Ʋȍǋ ǁǽȚǷȗǋǇ ǡǷ Ʋ ȐǡǷǘǱǋ ǀǡǷल

CǽȍǶƲǱǡΝƲȗǡǽǷ ǗƲǁȗǽȍȐ Ʋȍǋ ƲȊȊǱǡǋǇ ȗǽ ȗǞǋ tt̄Z ਭǱǡǘǞȗळ V V ਭ,$ळ ǋΗȗǋȍǷƲǱ ǁǽǷΑǋȍȐǡǽǷळ ǡǷȗǋȍǷƲǱ

ǁǽǷΑǋȍȐǡǽǷळ ,$µळ ƲǷǇ ,$e ǀƲǁǯǘȍǽȚǷǇȐ ƲǷǇ Ʋȍǋ ǗȍǋǋǱΘ ϱǽƲȗǋǇ ǡǷ Ʋ Ϯȗ ȗǽ ǇƲȗƲल /Ƿ ȗǞǡȐ ΒƲΘळ ȗǞǋȐǋ

ȐǋǶǡॺǇƲȗƲॺǇȍǡΑǋǷ ǀƲǁǯǘȍǽȚǷǇȐ ǋȐȗǡǶƲȗǡǽǷȐ ǁƲǷ ǀǋ ȊǋȍǗǽȍǶǋǇ ǡǷ ȗǞǋ �X ƲǷǇ ǋΗȗȍƲȊǽǱƲȗǋǇ ȗǽ ȗǞǋ [Xल

�ǇǇǡȗǡǽǷƲǱqǈȇǷǝǈȭǷȓȍ XǡǮǷȓȍ qXॡࢳ Ʋȍǋ ǇǋϮǷǋǇ ȚȐǡǷǘ Ʋ =ǽǽȐǋCǽȗbǡǘǞȗ ȐǋǱǋǁȗǡǽǷ ǽǷ ǱǋȊȗǽǷȐ Ǘǽȍ

ǇǋȍǡΑǡǷǘ ǁǽȍȍǋǁȗǡǽǷȐ ȗǽ V V ǀƲǁǯǘȍǽȚǷǇȐ ƲǷǇ ǷǽǷॺǁǱǽȐȚȍǋ ȚǷǁǋȍȗƲǡǷȗǡǋȐळ ΒǞǡǁǞ Ʋȍǋ ȐȚǶǶƲȍǡΝǋǇ ǡǷ

$ǡǘȚȍǋ ࣊लࣇल
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)LJXUH ���� ([SHFWHG \LHOGV LQ WKH tt̄W [X
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)LJXUH ���� ,OOXVWUDWLRQ RI [X ƲǷǇ �X ǇǋϮǷǡȗǡǽǷȐ ।ࣁࣃ॥

)LJXUH ���� ,OOXVWUDWLRQ RIqX ǇǋϮǷǡȗǡǽǷȐ ।ࣁࣃ॥
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࣊ঢࣄ UӟӐӈӜӪ =ҟӜӪӐӉ /ӈӜӟӐӺҟқ qҟӪӐ �҇ӂҲҒӟ҇ӪҲӐӉ

bǞǋ ǋΗǁǱȚȐǡΑǋ U=/q ΒǽȍǯǡǷǘ ȊǽǡǷȗ ǡȐ ȚȐǋǇ ȚǷǡȌȚǋǱΘ ǀΘ ȗǞǋ tt̄W ƲǷƲǱΘȐǡȐ ΒǡȗǞǡǷ �b=�[ ƲǷǇ ȐȊǋॺ

ǁǡƲǱ ǁƲȍǋ ǡȗ ȗƲǯǋǷ Ǘǽȍ ȗǞǋ ȐǋȊƲȍƲȗǋ ǁƲǱǡǀȍƲȗǡǽǷ Ǘǽȍ ǋǱǋǁȗȍǽǷȐ ƲǷǇ ǶȚǽǷȐल /Ƿ ǗƲǁȗळ bǡǘǞȗ ƲǷǇBǋǇǡȚǶ

ǱǋȊȗǽǷȐ ȚȐǋǇ ǡǷ ȗǞǋ [X ƲǷǇ �X ȚȐǋ Ʋ ǁȚȗ ǽǷ ȗǞǋ ��/�[ ǇǡȐǁȍǡǶǡǷƲǷȗ ȗǞƲȗ ǡȐ ǽȊȗǡǶǡΝǋǇ Ǘǽȍ ȗǞǋ tt̄W

ǶǋƲȐȚȍǋǶǋǷȗ ।ࣁࣃ॥ळ Ȑǽ ǀǽȗǞ bǡǘǞȗ ƲǷǇBǋǇǡȚǶ ǋǱǋǁȗȍǽǷȐ ǶȚȐȗ ǀǋ ǁƲǱǡǀȍƲȗǋǇ ǋȐȊǋǁǡƲǱǱΘल bǞǋ ǁƲǱǡǀȍƲॺ

ȗǡǽǷ ǡȐ ȊǋȍǗǽȍǶǋǇ ȚȐǡǷǘ ȗǞǋ ȐȗƲǷǇƲȍǇ bǈǮ ǈȍǝ Uȣȓǖǡ bƲUॡࢳ ǶǋȗǞǽǇ ΒǡȗǞZ → ee/µµ ǇǋǁƲΘȐळ ΒǞǋȍǋ

ȗǞǋ ȗƲǘ ǱǋȊȗǽǷ ϮȍǋȐ Ʋ ȐǡǷǘǱǋ ǱǋȊȗǽǷ ȗȍǡǘǘǋȍ ƲǷǇ ȊƲȐȐǋȐ Ʋ ȗǡǘǞȗ ǡǇǋǷȗǡϮǁƲȗǡǽǷ ȍǋȌȚǡȍǋǶǋǷȗल bǞǋ Ȋȍǽǀǋ

ǱǋȊȗǽǷ ǗǽȍǶȐ Ʋ ǇǡǱǋȊȗǽǷ ǡǷΑƲȍǡƲǷȗ ǶƲȐȐ ǁǽǷȐǡȐȗǋǷȗ ΒǡȗǞ ƲZ ǇǋǁƲΘ ƲǷǇ ȗǞǋ U=/qॠਭ��/�[ॡ ǋϨǁǡǋǷǁΘ

ǡȐ ǶǋƲȐȚȍǋǇ ΒǡȗǞ ȍǋȐȊǋǁȗ ȗǽ Ʋ ǀƲȐǋǱǡǷǋ =ǽǽȐǋ ॠ=ǽǽȐǋ=,ॡ ǡǇǋǷȗǡϮǁƲȗǡǽǷ ƲǷǇ $�=ǽǽȐǋ ǡȐǽǱƲȗǡǽǷ Ǘǽȍ

µµ ॠeeॡ ǋΑǋǷȗȐल �ƲǱǡǀȍƲȗǡǽǷ [Ǘǈȇǡ $ǈǗȭȓȣ ॡ$]ࢳ Ʋȍǋ ǇǋȍǡΑǋǇ ƲǷǇ ƲȊȊǱǡǋǇ ȗǽBȓȍȭǡ �ǈȣȇȓ B�ॡࢳ ǋΑǋǷȗȐ

ǀǡǷǷǋǇ ǡǷ ǱǋȊȗǽǷ pT ƲǷǇ ηऴ

SF =
NU=/qॠਭ��/�[ॡ
ǇƲȗƲ /N=ǽǽȐǋ

ǇƲȗƲ

NU=/qॠਭ��/�[ॡ
B� /N=ǽǽȐǋ

B�

=
εU=/qॠਭ��/�[ॡǇƲȗƲ

εU=/qॠਭ��/�[ॡB�

ॠ࣊लࣃॡ

[ΘȐȗǋǶƲȗǡǁ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ƲȐȐǽǁǡƲȗǋǇ ȗǽ ȗǞǋȐǋ ǁƲǱǡǀȍƲȗǡǽǷȐ Ʋȍǋ ǇǋȍǡΑǋǇ Ǘǽȍ ǋǱǋǁȗȍǽǷȐ ƲǷǇ ǶȚǽǷȐ ȐǋȊॺ

ƲȍƲȗǋǱΘल /Ƿ ǀǽȗǞ ǁƲȐǋȐळ ȗǞǋ ǱǋƲǇǡǷǘ ȐΘȐȗǋǶƲȗǡǁ ȚǷǁǋȍȗƲǡǷȗΘ ǡȐ ȗǞǋ ȐǽॺǁƲǱǱǋǇ উ:ǋȗ BǽǇǋǱǡǷǘঊ ȚǷǁǋȍȗƲǡǷȗΘ

ΒǞǡǁǞ ǡȐ ǽǀȗƲǡǷǋǇ ǀΘ ȚȐǡǷǘ ȗǞǋ [үҟӟӜ҇ Zࣂलࣃलࣃ → !!B� ȐƲǶȊǱǋ ǡǷȐȗǋƲǇ ǽǗ ȗǞǋ ǷǽǶǡǷƲǱ UӐӻүҟҪ

ਭUӾӪүҲ҇ ࣉ ȐƲǶȊǱǋल bǞǡȐ ǁƲȊȗȚȍǋȐ ȗǞǋ ȊǽȐȐǡǀǱǋ ǇǡϥǋȍǋǷǁǋȐ ǡǷ ȗǞǋ ǶǽǇǋǱǡǷǘ ǽǗ Ǭǋȗ ȐǞƲȊǋȐ ǀǋȗΒǋǋǷB�

ȐǋȗȚȊȐळ ǀȚȗ ǡȗ ǡȐ ǁǽǷȐǋȍΑƲȗǡΑǋ ƲȐ ǡȗ ƲǱȐǽ ǁƲȊȗȚȍǋȐ ȊǽȐȐǡǀǱǋ ǇǡϥǋȍǋǷǁǋȐ ǡǷBǈȭȣǷ͕ �ȇǡȌǡȍȭ B�ॡࢳ Ȋȍǋǁǡॺ

ȐǡǽǷ ƲǷǇ ǽȗǞǋȍ ƲȐȊǋǁȗȐ ǽǗ ȗǞǋ ȐǡǶȚǱƲȗǡǽǷल �ǷǽȗǞǋȍ ǱǋƲǇǡǷǘ ȐΘȐȗǋǶƲȗǡǁ ȚǷǁǋȍȗƲǡǷȗΘ Ǘǽȍ ǋǱǋǁȗȍǽǷȐ ǡȐ ȗǞǋ

ǋϥǋǁȗ ǽǗ ǇǡϥǋȍǡǷǘ ȊǡǱǋȚȊ ǁǽǷǇǡȗǡǽǷȐ ƲǁȍǽȐȐ ȍȚǷ ΘǋƲȍȐळ ȐǡǷǁǋ ǋǱǋǁȗȍǽǷET ǶǋƲȐȚȍǋǶǋǷȗ ǡȐ ȐǋǷȐǡȗǡΑǋ ȗǽ

ǇǡϥǋȍǋǷǁǋȐ ǡǷ ǁƲǱǽȍǡǶǋȗǋȍ ƲǁȗǡΑǡȗΘल bǞǋ ΑƲȍǡƲǷǁǋȐ ǡǷ 〈µ〉 ǁƲǷ ǀǋ ȐǋǋǷ ǡǷ $ǡǘȚȍǋ लࣃलࣇ bǞǋ ȊǡǱǋȚȊ ȚǷǁǋȍॺ

ࣇࣃࣂ



ȗƲǡǷȗΘ ǡȐ ǋΑƲǱȚƲȗǋǇ Ǘǽȍ ǋǱǋǁȗȍǽǷȐ ǀΘ ȗƲǯǡǷǘ ȗǞǋ ǇǡϥǋȍǋǷǁǋ ǡǷ ǁƲǱǡǀȍƲȗǡǽǷ [$ Ǘǽȍ 0 ≤ 〈µ〉 < 23 ƲǷǇ

23 ≤ 〈µ〉 < 80 Ǘǽȍ ࣇࣂࣁࣃॺࣆࣂࣁࣃ ǇƲȗƲ ƲǷǇ 0 ≤ 〈µ〉 < 30ळ 30 ≤ 〈µ〉 < 40ळ ƲǷǇ 40 ≤ 〈µ〉 < 80 Ǘǽȍ

ࣉࣂࣁࣃॺࣈࣂࣁࣃ ǇƲȗƲल bǞǡȐ ȚǷǁǋȍȗƲǡǷȗΘ ǡȐ ǶǽȐȗ ǇǽǶǡǷƲǷȗ ǡǷ ȗǞǋ ǗǽȍΒƲȍǇ ȍǋǘǡǽǷȐ ǽǗ ȗǞǋ Ǉǋȗǋǁȗǽȍल

eǷǁǋȍȗƲǡǷȗǡǋȐ ǽǷ U=/qॠਭ��/�[ॡ ǁƲǱǡǀȍƲȗǡǽǷȐ Ǘǽȍ ȗǞǋ qǋȍΘbǡǘǞȗ ƲǷǇ bǡǘǞȗCǽȗqǋȍΘbǡǘǞȗ Βǽȍǯॺ

ǡǷǘ ȊǽǡǷȗȐ Ʋȍǋ ȐǞǽΒǷ ǡǷ $ǡǘȚȍǋ ࣊लࣈ Ǘǽȍ ǶȚǽǷȐ ƲǷǇ $ǡǘȚȍǋȐ ࣊लࣉ Ǘǽȍ ǋǱǋǁȗȍǽǷȐल bǽȗƲǱ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ǘǽȍ

ǶȚǽǷȐ Ʋȍǋ ǱƲȍǘǋ ǡǷ ȗǞǋ ȍǋǘǡǽǷ |ηµ| < 0.1 ƲǷǇ 2.5 < |ηµ| < 2.7 ǇȍǡΑǋǷ ǀΘ ȗǞǋ Ȋȍǽǀǋ /� ȚǷǁǋȍȗƲǡǷȗΘ

ǇȚǋ ȗǽ ǶǡȐȐǡǷǘ B[ ǁǽΑǋȍƲǘǋ Ʋȗ η ∼ 0ΒǞǋȍǋ ȗǞǋ ȗΒǽ ǞƲǱΑǋȐ ǽǗ ȗǞǋ B[Ƕǋǋȗ ƲǷǇ /� ǁǽΑǋȍƲǘǋ ǋΗȗǋǷǇॺ

ǡǷǘ ǽǷǱΘ ȗǽ |η| < 2.5ल /Ƿ ƲǱǱ ǽȗǞǋȍ η ǀǡǷȐ ȗǞǋ :ǋȗ BǽǇǋǱǡǷǘ ȚǷǁǋȍȗƲǡǷȗΘ ǡȐ ǱƲȍǘǋȐȗल bǞǋ :ǋȗ BǽǇǋǱǡǷǘ

ȚǷǁǋȍȗƲǡǷȗΘ ƲȐ ȗǞǋ ǱƲȍǘǋȐȗ ǡǶȊƲǁȗ Ǘǽȍ ǱǽΒॺॠǞǡǘǞॺॡpT ǶȚǽǷȐ ǡǷ ȗǞǋ qǋȍΘbǡǘǞȗ ॠbǡǘǞȗCǽȗqǋȍΘbǡǘǞȗॡ

sUल [ȗƲȗǡȐȗǡǁƲǱ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ǗȍǽǶ ǇƲȗƲ Ʋȍǋ Ƕǽȍǋ ȐǡǘǷǡϮǁƲǷȗ ǡǷ bǡǘǞȗCǽȗqǋȍΘbǡǘǞȗ ǶȚǽǷȐ ǀǋǁƲȚȐǋ

ȍǋƲǱZ → µµ ǋΑǋǷȗȐ ǞƲΑǋ ΒǋǱǱॺǡȐǽǱƲȗǋǇ ǶȚǽǷȐल �ǱǋǁȗȍǽǷ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ʋȍǋ ȊȍǡǶƲȍǡǱΘ ǇȍǡΑǋǷ ǀΘ ȗǞǋ

:ǋȗ BǽǇǋǱǡǷǘ ƲǷǇ UǡǱǋȚȊ ȚǷǁǋȍȗƲǡǷȗǡǋȐळ ΒǡȗǞ ƲǇǇǡȗǡǽǷƲǱ ȐȚǀǇǽǶǡǷƲǷȗ ǁǽǷȗȍǡǀȚȗǡǽǷ ǗȍǽǶ ȐȗƲȗǡȐȗǡॺ

ǁƲǱ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ǡǷ ǇƲȗƲ Ǘǽȍ bǡǘǞȗCǽȗqǋȍΘbǡǘǞȗ ǋǱǋǁȗȍǽǷȐल bǞǋȍǋ ǡȐ Ʋ ǇǡȐȗǡǷǁȗ ΑƲǱǱǋΘ ȐǞƲȊǋ ȗǽ ȗǞǋ

:ǋȗ BǽǇǋǱǡǷǘ ȚǷǁǋȍȗƲǡǷȗΘ ǡȐ ǱǡǯǋǱΘ ǇȚǋ ȗǽ ǇǡϥǋȍǋǷȗ pT ǇǋȊǋǷǇǋǷǁǋ ǽǗ U=/q ƲǷǇ ��/�[ ǇǡϥǋȍǋǷǁǋȐ

ǀǋȗΒǋǋǷ ȗǞǋ ǁǽǷȐǡǇǋȍǋǇB� ȐƲǶȊǱǋȐल

)LJXUH ���� 6\VWHPDWLF XQFHUWDLQWLHV IRU 9HU\7LJKW �OHIW� DQG 7LJKW1RW9HU\7LJKW �ULJKW� PXRQU=/q ΒǽȍǯǡǷǘ
ȊǽǡǷȗȐ ƲȐ Ʋ ǗȚǷǁȗǡǽǷ ǽǗ pT ƲǷǇ η ।ࣁࣃ॥
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Tag ID
Isolation
Jet Model
Pile-Up
Template

 windowllm
Stat.
Total
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Tag ID
Isolation
Jet Model
Pile-Up
Template

 windowllm
Stat.
Total

)LJXUH ���� 6\VWHPDWLF XQFHUWDLQWLHV IRU 9HU\7LJKW �WRS� DQG 7LJKW1RW9HU\7LJKW �ERWWRP� HOHFWURQU=/q Βǽȍǯॺ
ǡǷǘ ȊǽǡǷȗȐ ƲȐ Ʋ ǗȚǷǁȗǡǽǷ ǽǗ pT ƲǷǇ η ।ࣁࣃ॥

ࣉࣃࣂ



q҇ӂҲқ҇ӪҲӐӉ

�ϨǁǡǋǷǁΘ ȐǁƲǱǋ ǗƲǁȗǽȍȐ ƲǷǇ ȗǞǋǡȍ ȐΘȐȗǋǶƲȗǡǁ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ʋȍǋ ǇǋȍǡΑǋǇ Ǘǽȍ ǋǱǋǁȗȍǽǷȐ ƲǷǇ ǶȚǽǷȐ ȚȐǡǷǘ

Z → !! ǋΑǋǷȗȐ ǡǷǁǱȚȐǡΑǋ ǡǷ Ǭǋȗ ǶȚǱȗǡȊǱǡǁǡȗΘल bǞǡȐ ȗǽȊǽǱǽǘΘ ǡȐ ȌȚǡȗǋ ǇǡϥǋȍǋǷȗ ǗȍǽǶ ȗǞƲȗ ǽǗ tt̄W ळ

ΒǞǋȍǋ Ǭǋȗ ƲǷǇ ǀॺǬǋȗ ǶȚǱȗǡȊǱǡǁǡȗǡǋȐ Ʋȍǋ ǞǡǘǞǋȍल sǞǡǱǋ ǡȗ ǡȐ ǁǽǶǶǽǷ ȗǽ ƲȊȊǱΘ ǡȐǽǱƲȗǡǽǷ ȐǁƲǱǋ ǗƲǁȗǽȍȐ

ǇǋȍǡΑǋǇ ǡǷZ → !!bƲǘ ƲǷǇ Uȍǽǀǋ ȊȍǽǁǋǇȚȍǋȐ ǀȍǽƲǇǱΘ ƲǶǽǷǘ �b=�[ ƲǷƲǱΘȐǋȐळ ǇǋǇǡǁƲȗǋǇ ΑƲǱǡǇƲॺ

ȗǡǽǷ ȐȗȚǇǡǋȐ Ʋȍǋ ǷǋǁǋȐȐƲȍΘ ǇȚǋ ȗǽ ȗǞǋ ǁǽǶȊǱǋΗǡȗΘ ǽǗ ȗǞǋ U=/q ƲǱǘǽȍǡȗǞǶळ ǽȚȍ ǷǽΑǋǱ ȚȐǋ ǽǗ ȊȐǋȚǇǽॺ

ǁǽǷȗǡǷȚǽȚȐ ǡȐǽǱƲȗǡǽǷ ΒǽȍǯǡǷǘ ȊǽǡǷȗȐळ ƲǷǇ ȗǞǋ ǁǋǷȗȍƲǱ ǡǶȊǽȍȗƲǷǁǋ ǽǗ ȗǞǡȐ ƲǱǘǽȍǡȗǞǶ ȗǽ ȗǞǋ ƲǷƲǱΘȐǡȐ

ȐȗȍƲȗǋǘΘल bǽ ȗǞǡȐ ǋǷǇळ Ʋ ǇǋǇǡǁƲȗǋǇ U=/q ΑƲǱǡǇƲȗǡǽǷ ȍǋǘǡǽǷ ǡȐ ǇǋϮǷǋǇ ȗǞƲȗ ǡȐ ǁǽǶȊǽȐǋǇ ȊȍǋǇǽǶǡǷƲǷȗǱΘ

ǽǗ ǇǡǱǋȊȗǽǷǡǁ tt̄ ƲǷǇ Ʋ∼ࣁࣂ੆ ǁǽǷȗȍǡǀȚȗǡǽǷ ǗȍǽǶ ȐǡǷǘǱǋ ȗǽȊ ॠtW ॡ ȊȍǽǇȚǁȗǡǽǷल bǞǡȐ ȍǋǘǡǽǷ ǞƲȐ Ʋ ΑǋȍΘ

ȐǡǶǡǱƲȍ ȗǽȊǽǱǽǘΘ ȗǽ tt̄W व ΑƲǱǡǇƲȗǡǽǷ ǽǗ ȗǞǋ U=/q ǁƲǱǡǀȍƲȗǡǽǷȐ Ǘǽȍ ǋǱǋǁȗȍǽǷȐ ƲǷǇ ǶȚǽǷȐ ǡǷ ȗǞǡȐ ȍǋǘǡǽǷ

ȐȚȊȊǽȍȗȐ ȗǞǋ ƲȊȊǱǡǁƲǀǡǱǡȗΘ ǽǗ ȗǞǋȐǋ ǁƲǱǡǀȍƲȗǡǽǷȐ ȗǽ ȗǞǋ tt̄W ȐǡǘǷƲǱ ƲǷǇ ǁǽǷȗȍǽǱ ȍǋǘǡǽǷȐल

bǞǋ tt̄ ΑƲǱǡǇƲȗǡǽǷ ȍǋǘǡǽǷ ǡȐ ǇǋϮǷǋǇ ƲȐ ȐǡǶǡǱƲȍǱΘ ƲȐ ȊǽȐȐǡǀǱǋ ȗǽ ȗǞǋ ƲǷƲǱΘȐǡȐ ǁǞƲǷǷǋǱȐळ ΒǡȗǞ ȗǞǋ ȐƲǶǋ

ȐǋǱǋǁȗǡǽǷȐ ȚȐǋǇ Ǘǽȍ ȗȍǡǘǘǋȍळ ǱǋȊȗǽǷ ǡȐǽǱƲȗǡǽǷळ ǋǱǋǁȗȍǽǷ WBǡȐ/� ƲǷǇ ȊǞǽȗǽǷ ǁǽǷΑǋȍȐǡǽǷ ȐȚȊȊȍǋȐȐǡǽǷल

bǞǋ ȐǋǱǋǁȗǡǽǷ ƲǱȐǽ ȍǋȌȚǡȍǋȐNjets ≥ 2 ƲǷǇNb−jets ≥ 1ळ ΒǞǋȍǋ ȗǞǋ ǞΘǀȍǡǇ ǀॺǬǋȗ ǇǋϮǷǡȗǡǽǷ ǡȐ ȚȐǋǇ

ƲǷǇ ǋΗƲǁȗǱΘ ࣃ ǱǋȊȗǽǷȐ ǽǗ ǽȊȊǽȐǡȗǋ ǁǞƲȍǘǋ ƲǷǇ ǽȊȊǽȐǡȗǋ ϱƲΑǽȍ ΒǡȗǞ pT > 20%ǋqल bǞǡȐ ȐǋǱǋǁȗǡǽǷ ΒǡǱǱ

ǀǋ ȍǋǗǋȍȍǋǇ ȗǽ ƲȐ ȗǞǋ উǀƲȐǋǱǡǷǋঊ ȐǋǱǋǁȗǡǽǷल /ȗ ȍǋǶǽΑǋȐ ȐǽȚȍǁǋȐ ǽǗ ȐƲǶǋॺϱƲΑǽȍ ǱǋȊȗǽǷȐ ॠǡलǋल ZਭǬǋȗȐॡ ƲǷǇ

ΘǡǋǱǇȐ Ʋ ȍǋǘǡǽǷ ੆ࣁ࣊ ǋǷȍǡǁǞǋǇ ǡǷ ǇǡॺǱǋȊȗǽǷǡǁ tt̄ΒǡȗǞ Ʋ ੆ࣁࣂ ǁǽǷȗȍǡǀȚȗǡǽǷ ǽǗ tW ȊȍǽǇȚǁȗǡǽǷ ।ࣅࣆࣂ॥ल

bǞǋ ȊȍǽǁǋǇȚȍǋ Ǘǽȍ ΑƲǱǡǇƲȗǡǷǘ ȗǞǋ U=/q ȐǁƲǱǋ ǗƲǁȗǽȍȐ ȊȍǽǁǋǋǇȐ ƲȐ ǗǽǱǱǽΒȐ ƲǷǇ ƲǷ ǋΗƲǶȊǱǋ Ȋȍǽǁǋॺ

ǇȚȍǋ ǡȐ ȐǞǽΒǷ ǗǽȍNjets ǡǷ $ǡǘȚȍǋ ࣊ल࣊ऴ

लࣂ $ǽȍ ǋƲǁǞ ǽǀȐǋȍΑƲǀǱǋ ǽǗ ǡǷȗǋȍǋȐȗ ॠǱǋȊȗǽǷ pT ƲǷǇ η ƲǷǇ ȗǞǽȐǋ ȗǽ ǀǋ ȚǷǗǽǱǇǋǇॡळ ȊȍǽǇȚǁǋ ǇƲȗƲूB�
ǁǽǶȊƲȍǡȐǽǷȐ ΒǡȗǞ ƲǱǱ ȐǋǱǋǁȗǡǽǷȐ ƲǷǇ ƲΑƲǡǱƲǀǱǋ ǁƲǱǡǀȍƲȗǡǽǷȐ ǡǷ ȗǞǋ ǀƲȐǋǱǡǷǋ ȐǋǱǋǁȗǡǽǷल bǞǡȐ
ǡȐ ǇǽǷǋ ȐǋȊƲȍƲȗǋǱΘ Ǘǽȍ ǋΑǋǷȗȐ ΒǡȗǞ Ʋ ǱǋƲǇǡǷǘ ǶȚǽǷ ॠµeॡ ƲǷǇ ǋΑǋǷȗȐ ΒǡȗǞ Ʋ ǱǋƲǇǡǷǘ ǋǱǋǁȗȍǽǷ
ॠeµॡल bǞǋ ȊȍǋॺU=/q ǶǽǇǋǱǡǷǘ ǡȐ ǘǋǷǋȍƲǱǱΘ ΑǋȍΘ ǘǽǽǇ Ʋȗ ȗǞǡȐ ȐȗƲǘǋळ ȐǞǽΒǷ Ǘǽȍ µe ǋΑǋǷȗȐ ǡǷ

࣊ࣃࣂ



Electron PLIV calibration validations (Pierre)

Data/MC comparisons in tt̄ VR before reweighting to data (baseline): Fig. 97 in App. B.

) discrepancies come from instrumental and theoretical mis-modeling in MC
** related uncertainties not considered in these studies
) impact of uncertainties factored out by reweighting to data before PLIV selection
** PLIV SFs then applied with related uncertainties ! good agreement with data
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Data/MC comparisons in tt̄ VR before reweighting to data (baseline): Fig. 97 in App. B.

) discrepancies come from instrumental and theoretical mis-modeling in MC
** related uncertainties not considered in these studies
) impact of uncertainties factored out by reweighting to data before PLIV selection
** PLIV SFs then applied with related uncertainties ! good agreement with data
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)LJXUH ���� $Q H[DPSOH RIU=/q ȍǋΒǋǡǘǞȗǡǷǘ ȊȍǽǁǋǇȚȍǋ ǡǷHT ǡǷ ȗǞǋ eµ ǁǞƲǷǷǋǱल bǞǋ ǀƲȐǋǱǡǷǋ Ȑǋॺ
ǱǋǁȗǡǽǷ ǡȐ ȐǞǽΒǷ ǽǷ ȗǞǋ ǱǋǗȗल bǞǋB� ȗǋǶȊǱƲȗǋȐ Ʋȍǋ ȐǁƲǱǋǇ ǀǡǷॺǀΘॺǀǡǷ ȗǽ ǶƲȗǁǞ ǇƲȗƲ ॠǁǋǷȗǋȍॡल bǞǋ
U=/q qǋȍΘbǡǘǞȗ ȐǋǱǋǁȗǡǽǷ ƲǷǇ ƲȐȐǽǁǡƲȗǋǇ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ʋȍǋ ƲȊȊǱǡǋǇ ȗǽ ȗǞǋ ǱǋƲǇǡǷǘ ǱǋȊȗǽǷल

$ǡǘȚȍǋ ࣊लࣁࣂ ƲǷǇ Ǘǽȍ eµ ǋΑǋǷȗȐ ǡǷ $ǡǘȚȍǋ ࣊लࣆࣂल

लࣃ XǋॺΒǋǡǘǞȗ ȗǞǋ B� ΘǡǋǱǇȐ ǀǡǷॺǀΘॺǀǡǷ ȗǽ ǋΗƲǁȗǱΘ Ʋǘȍǋǋ ΒǡȗǞ ǇƲȗƲ ǡǷǇǋȊǋǷǇǋǷȗǱΘ Ǘǽȍ ǋƲǁǞ ǽǀॺ
ȐǋȍΑƲǀǱǋल /Ƿ ȗǞǡȐ ΒƲΘळ ƲǱǱ ǶǡȐॺǶǽǇǋǱǡǷǘ ƲǷǇ ƲȐȐǽǁǡƲȗǋǇ ȐΘȐȗǋǶƲȗǡǁ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ƿǽȗ ƲȐȐǽǁǡƲȗǋǇ
ȗǽ U=/q Ʋȍǋ ǁǽȍȍǋǁȗǋǇल

लࣄ �ȊȊǱΘ ȗǞǋ U=/qॠਭ��/�[ॡ ȐǋǱǋǁȗǡǽǷȐ ΒǡȗǞ ǁǽȍȍǋȐȊǽǷǇǡǷǘ ǁƲǱǡǀȍƲȗǡǽǷȐ ȗǽ ȗǞǋ ǱǋƲǇǡǷǘ ǱǋȊȗǽǷल
bǞǡȐ ǡȐ ǁǞǋǁǯǋǇ Ǘǽȍ ȗǞǋ qǋȍΘbǡǘǞȗ ƲǷǇ bǡǘǞȗCǽȗqǋȍΘbǡǘǞȗ ΒǽȍǯǡǷǘ ȊǽǡǷȗȐल �ǷΘ ǶǡȐǶǽǇǋǱॺ
ǡǷǘ ǽǗ ȗǞǋ ǇƲȗƲ Ʋȗ ȗǞǡȐ ȐȗƲǘǋ ȐǞǽȚǱǇ ǀǋ ǁǽǶȊǱǋȗǋǱΘ ǁǽΑǋȍǋǇ ǀΘ ȗǞǋ ƲȐȐǽǁǡƲȗǋǇ U=/q ȚǷǁǋȍȗƲǡǷॺ
ȗǡǋȐल

bǞǡȐ ǡȐ Ʋ ΑƲǱǡǇ ǁǞǋǁǯ Ǘǽȍ ȗǞǋ U=/q ǁƲǱǡǀȍƲȗǡǽǷȐ ǽǷǱΘ ǡǗ ȗǞǋȍǋ Ʋȍǋ Ƿǽ ȚȊȐȗȍǋƲǶ ȐǋǱǋǁȗǡǽǷȐ ȗǞƲȗ ǶȚȐȗ

ǀǋ ǁƲǱǡǀȍƲȗǋǇ ȐǡǶȚǱȗƲǷǋǽȚȐǱΘ ΒǡȗǞ ȗǞǋ U=/q ȗǽǽǱळ ȐǡǷǁǋ ȗǞǋ U=/q ǡȐ ǋΗȊǱǡǁǡȗǱΘ ǗƲǁȗǽȍǡΝǋǇ ǗȍǽǶ ǽȗǞॺ

ǋȍȐ ǀΘ ȗǞǋ ȍǋΒǋǡǘǞǡǷǘ ȊȍǽǁǋǇȚȍǋल bǞǋ ǶǽȐȗ ȐǡǶǡǱƲȍ ȚȊȐȗȍǋƲǶ ȐǋǱǋǁȗǡǽǷ ȗǽ ȗǞǋ U=/q ǡȐ ȗǞǋ $�=ǽǽȐǋ

ǡȐǽǱƲȗǡǽǷळ ǀȚȗ ǞƲȐ ǀǋǋǷ ȐǞǽΒǷ ȗǽ ǞƲΑǋ ΑǋȍΘ ǱǡȗȗǱǋ ǁǽȍȍǋǱƲȗǡǽǷ ȗǽ ȗǞǋ U=/q ।ࣁࣃ॥ल bǞǡȐ ǡȐ ȚǷȐȚȍȊȍǡȐǡǷǘ

ȐǡǷǁǋ ǽǷǱΘ ǡȐǽǱƲȗǡǽǷ ǁǽǷǋȐ Ʋȍǋ ȚȐǋǇ ǡǷ ǀǽȗǞ $�=ǽǽȐǋ ǡȐǽǱƲȗǡǽǷ ƲǷǇ U=/qळ ΒǞǡǱǋ ȐǋΑǋȍƲǱ ƲǇǇǡȗǡǽǷƲǱ

ȗȍƲǁǯॺǀƲȐǋǇ ΑƲȍǡƲǀǱǋȐ Ʋȍǋ ȚȐǋǇ ȗǽ ȗȍƲǡǷ ȗǞǋ U=/qल

bǞǋ ϮǷƲǱ ΑƲǱǡǇƲȗǡǽǷ ǽǗ ȗǞǋ U=/q ǁƲǱǡǀȍƲȗǡǽǷȐ Ǘǽȍ ǋǱǋǁȗȍǽǷȐ ƲǷǇ ǶȚǽǷȐ ǡǷ ȗǞǋ qǋȍΘbǡǘǞȗ ƲǷǇ

bǡǘǞȗCǽȗqǋȍΘbǡǘǞȗ ΒǽȍǯǡǷǘ ȊǽǡǷȗȐ Ʋȍǋ ȐǞǽΒǷ Ǘǽȍ ǶȚǽǷȐ ǡǷ $ǡǘȚȍǋȐ ࣊लࣂࣂॺ࣊लࣃࣂ ƲǷǇ Ǘǽȍ ǋǱǋǁȗȍǽǷȐ ǡǷ

$ǡǘȚȍǋȐ ࣊लࣇࣂॺ࣊लࣈࣂल bǞǋ ǁǽȍȍǋǁȗǋǇB� ǡȐ ǡǷ ǘǽǽǇ ƲǘȍǋǋǶǋǷȗ ΒǡȗǞ ȗǞǋ ǇƲȗƲ ƲǷǇ ȍǋȐǡǇȚƲǱ ǶǡȐॺǶǽǇǋǱǡǷǘ

ࣁࣄࣂ



ǽǗ ȗǞǋ ǇƲȗƲ ǡȐ ǁǽΑǋȍǋǇ ǀΘ ȐΘȐȗǋǶƲȗǡǁ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ǡǷ ƲǱǱ ǁƲȐǋȐल bǞǋ ǇǽǶǡǷƲǷȗ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ƲȊȊǱǡǋǇ ȗǽ

ȗǞǋ tt̄ ǁǽǶȊǽǷǋǷȗ Ǘǽȍ ǶȚǽǷȐ Ʋȍǋ ȐǞǽΒǷ ǡǷ $ǡǘȚȍǋȐ ࣊लࣄࣂॺ࣊लࣅࣂ ƲǷǇ Ǘǽȍ ǋǱǋǁȗȍǽǷȐ ǡǷ $ǡǘȚȍǋȐ ࣊लࣉࣂॺ࣊ल࣊ࣂल

$ǽȍ ǶȚǽǷȐळ ȗǞǋ ȍǋǱƲȗǡΑǋ ȐǁƲǱǋ ƲǷǇ ȐǞƲȊǋ ǽǗ ǋƲǁǞ ȐΘȐȗǋǶƲȗǡǁ ǡȐ ǡǷ ǘǽǽǇ ƲǘȍǋǋǶǋǷȗ ΒǡȗǞ ΒǞƲȗ ǡȐ ǋΗॺ

ȊǋǁȗǋǇ ǗȍǽǶ ȗǞǋ bਭU ǗȍƲǶǋΒǽȍǯࣆल /Ƿ ȊƲȍȗǡǁȚǱƲȍळ ȗǞǋ ǡǶȊƲǁȗ ǽǗ ȗǞǋ :ǋȗ BǽǇǋǱǡǷǘ ȐΘȐȗǋǶƲȗǡǁ ǡȐ ǱƲȍǘǋȐȗ

ΒǡȗǞ ȚȊ ȗǽ ੆ࣇलࣁ ॠࣇलࣇ੆ॡ ǡǶȊƲǁȗ ǽǷ ȗǞǋ ǽΑǋȍƲǱǱ ǷǽȍǶƲǱǡΝƲȗǡǽǷ ǡǷ ȗǞǋ qǋȍΘbǡǘǞȗ ॠbǡǘǞȗCǽȗqǋȍΘbǡǘǞȗॡ

ΒǽȍǯǡǷǘ ȊǽǡǷȗळ ΒǡȗǞ ȗǞǋ ǘȍǋƲȗǋȐȗ ǡǶȊƲǁȗ ǡǷ ȗǞǋ ǱǽΒॺॠǞǡǘǞॺॡpT ȍǋǘǡǽǷल bǞǋ ȐΘȐȗǋǶƲȗǡǁ ȚǷǁǋȍȗƲǡǷȗΘ

ǇȚǋ ȗǽ ǱǡǶǡȗǋǇ ȐȗƲȗǡȐȗǡǁȐ ȍǋƲǁǞǋȐ ੆ࣅ ǡǷ ȗǞǋ bǡǘǞȗCǽȗqǋȍΘbǡǘǞȗ sU ǡǷ ȗǞǋ ǞǡǘǞǋȐȗ ǶȚǽǷ pT ǀǡǷळ

ΒǞǡǁǞ ǡȐ ƲǱȐǽ ǁǽǷȐǡȐȗǋǷȗ ΒǡȗǞ ΒǞƲȗ ǡȐ ȐǋǋǷ ǡǷZ(µµ)bਭUल

$ǽȍ ǋǱǋǁȗȍǽǷȐळ bǞǋ ȍǋǱƲȗǡΑǋ ȐǁƲǱǋ ƲǷǇ ȐǞƲȊǋ ǽǗ ǋƲǁǞ ȐΘȐȗǋǶƲȗǡǁ ǡȐ ǡǷ ǘǽǽǇ ƲǘȍǋǋǶǋǷȗ ΒǡȗǞ ΒǞƲȗ ǡȐ ǋΗॺ

ȊǋǁȗǋǇ ǗȍǽǶ ȗǞǋ bਭU ǗȍƲǶǋΒǽȍǯࣇल /Ƿ ȊƲȍȗǡǁȚǱƲȍळ ȗǞǋ ǡǶȊƲǁȗ ǽǗ ȗǞǋ :ǋȗ BǽǇǋǱǡǷǘ ȐΘȐȗǋǶƲȗǡǁ ǡȐ ǱƲȍǘǋȐȗ

ΒǡȗǞ ȚȊ ȗǽ ੆ࣆलࣂ ॠࣅलࣈ੆ॡ ǡǶȊƲǁȗ ǽǷ ȗǞǋ ǽΑǋȍƲǱǱ ǷǽȍǶƲǱǡΝƲȗǡǽǷ ǡǷ ȗǞǋ qǋȍΘbǡǘǞȗ ॠbǡǘǞȗCǽȗqǋȍΘbǡǘǞȗॡ

ΒǽȍǯǡǷǘ ȊǽǡǷȗळ ǀǽȗǞ ǋΗǞǡǀǡȗǡǷǘ Ʋ ǶǡǷǡǶȚǶ ǡǷ ȚǷǁǋȍȗƲǡǷȗΘ ƲȍǽȚǷǇ pT ǽǗ ࣁࣅ %ǋqल bǞǋ ǡǶȊƲǁȗ ǽǗ ȗǞǋ

ȊǡǱǋȚȊ ȚǷǁǋȍȗƲǡǷȗΘ ǡȐ ȐȚǀǱǋƲǇǡǷǘ ƲǷǇ ǡȐ ǱƲȍǘǋȐȗ Ʋȗ ǱǽΒॺॠǞǡǘǞॺॡpT Ǘǽȍ ȗǞǋ qǋȍΘbǡǘǞȗ ॠbǡǘǞȗCǽȗqǋȍΘॺ

bǡǘǞȗॡ sUव ǡȗ ǡȐ ǡǷǁȍǋƲȐǡǷǘ ॠϱƲȗॡ ǡǷ |η| Ǘǽȍ ȗǞǋ bǡǘǞȗCǽȗqǋȍΘbǡǘǞȗ ॠbǡǘǞȗCǽȗqǋȍΘbǡǘǞȗॡ sUल

bǞǋ ǁǽǷǁǱȚȐǡǽǷ ǽǗ ȗǞǡȐ ΑƲǱǡǇƲȗǡǽǷ ȐȗȚǇΘ ǡȐ ȗǞƲȗ ȗǞǋ ǁƲǱǡǀȍƲȗǡǽǷȐ ǇǋȍǡΑǋǇ ȚȐǡǷǘ ȗǞǋZ → !!bਭU

ǶǋȗǞǽǇȐ ǁƲǷ ǀǋ ȍǋǱǡƲǀǱΘ ƲȊȊǱǡǋǇ ȗǽ ȗǞǋ tt̄W ȊǞƲȐǋ ȐȊƲǁǋल bǞǋ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ǽǗ ȗǞǋ ǋΗǁǱȚȐǡΑǋ U=/q

ΒǽȍǯǡǷǘ ȊǽǡǷȗȐ Ʋȍǋ ƲǱȐǽ ΑƲǱǡǇƲȗǋǇ ƲǷǇ Ʋȍǋ ǇǋǶǽǷȐȗȍƲȗǋǇ ȗǽ ǁǽΑǋȍ ǇǡϥǋȍǋǷǁǋȐ ǀǋȗΒǋǋǷ ǇƲȗƲ ƲǷǇB�

ΒǋǱǱल � ǁǽǷȐǡǇǋȍƲȗǡǽǷ Ǘǽȍ ȗǞǋ tt̄W Ϯȗ ǡȐ ǞǽΒ ȗǽ ǁǽȍȍǋǱƲȗǋ ȗǞǋȐǋ ȚǷǁǋȍȗƲǡǷȗǡǋȐल � ȐΘȐȗǋǶƲȗǡǁ ΑƲȍǡƲȗǡǽǷ

ƲϥǋǁȗǡǷǘ ȗǞǋ ƲǁǁǋȊȗƲǷǁǋ ǽǗ ǋΑǋǷȗȐ ǽǷ ȗǞǋ ǀǽȚǷǇƲȍΘ ǀǋȗΒǋǋǷ qǋȍΘbǡǘǞȗ ƲǷǇ bǡǘǞȗCǽȗqǋȍΘbǡǘǞȗ

Cǽȗǋࣆ ȗǞƲȗ ȗǞǋ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ȐǞǽΒǷ ǡǷ ȗǞǋ tt̄qX Ʋȍǋ ȍǋǱƲȗǡΑǋ ȚǷǁǋȍȗƲǡǷȗǡǋȐळ ΒǞǋȍǋƲȐ ȗǞǋ ǶȚǽǷ bਭU ȚǷǁǋȍॺ
ȗƲǡǷȗǡǋȐ Ʋȍǋ ȊȍǽΑǡǇǋǇ ƲȐ ƲǀȐǽǱȚȗǋ ȚǷǁǋȍȗƲǡǷȗǡǋȐळ ȍǋȐȚǱȗǡǷǘ ǡǷ Ʋ ȐǶƲǱǱǋȍ ȍǋǱƲȗǡΑǋ ȚǷǁǋȍȗƲǡǷȗΘ ΒǞǋǷ ǷǽǶǡǷƲǱ ȐǁƲǱǋ
ǗƲǁȗǽȍȐ Ʋȍǋ ǶȚǁǞ ǘȍǋƲȗǋȍ ȗǞƲǷ ȚǷǡȗΘ

Cǽȗǋࣇ ȗǞƲȗ ȗǞǋ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ȐǞǽΒǷ ǡǷ ȗǞǋ tt̄qX Ʋȍǋ ȍǋǱƲȗǡΑǋ ȚǷǁǋȍȗƲǡǷȗǡǋȐळ ΒǞǋȍǋƲȐ ȗǞǋ ǋǱǋǁȗȍǽǷ bਭU
ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ʋȍǋ ȊȍǽΑǡǇǋǇ ƲȐ ƲǀȐǽǱȚȗǋ ȚǷǁǋȍȗƲǡǷȗǡǋȐळ ȍǋȐȚǱȗǡǷǘ ǡǷ Ʋ ȐǶƲǱǱǋȍ ȍǋǱƲȗǡΑǋ ȚǷǁǋȍȗƲǡǷȗΘ ΒǞǋǷ ǷǽǶǡǷƲǱ
ȐǁƲǱǋ ǗƲǁȗǽȍȐ Ʋȍǋ ǶȚǁǞ ǘȍǋƲȗǋȍ ȗǞƲǷ ȚǷǡȗΘ

ࣂࣄࣂ



ȐǞǽȚǱǇ ǇȍǡΑǋ ƲǷ ƲǷȗǡॺǁǽȍȍǋǱƲȗǡǽǷ ǡǷ ȗǞǡȐ ȚǷǁǋȍȗƲǡǷȗΘल ,ǽΒǋΑǋȍळ ǋΑǋǷȗȐ ǽǷ ȗǞǋ ǀǽȚǷǇƲȍΘ ǽǗ ȗǞǋ bǡǘǞȗॺ

CǽȗqǋȍΘbǡǘǞȗ ƲǷǇ =ǽǽȐǋCǽȗbǡǘǞȗ ȍǋǘǡǽǷ ΒǽȚǱǇ ǽǷǱΘ ǡǶȊƲǁȗ ǱǋȊȗǽǷȐ ǡǷ ȗǞǋ bǡǘǞȗCǽȗqǋȍΘbǡǘǞȗ

ȍǋǘǡǽǷल �Țǋ ȗǽ ȗǞǋ ǷǽǷॺȗȍǡΑǡƲǱ ǁǽȍȍǋǱƲȗǡǽǷ ȐǁǞǋǶǋ ǽǗ ȗǞǋȐǋ ȚǷǁǋȍȗƲǡǷȗǡǋȐळ ȗǞǋ ǶǽȐȗ ǁǽǷȐǋȍΑƲȗǡΑǋ ƲȐॺ

ȐȚǶȊȗǡǽǷ ȗǞƲȗ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ʋȍǋ ȚǷǁǽȍȍǋǱƲȗǋǇ ǡǷ bǡǘǞȗCǽȗqǋȍΘbǡǘǞȗ ƲǷǇ qǋȍΘbǡǘǞȗ ǡȐ ȗƲǯǋǷल bǞǋ

ǁǽȍȍǋǱƲȗǡǽǷ ǽǗ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ƲȊȊǱǡǋǇ ȗǽ ȗǞǋ ȗΒǽ ȍǋǘǡǽǷȐ ǁƲǷ ȗǞǋǷ ǀǋ ǇǋȗǋȍǶǡǷǋǇ ǀΘ ϮȗȐ ȗǽ ǇƲȗƲळ ΒǞǡǁǞ

ΒǡǱǱ ǀǋ ǇǡȐǁȚȐȐǋǇ ǡǷ �ǞƲȊȗǋȍ लࣂࣂ

ࣃࣄࣂ
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)LJXUH ����� 'DWD�0& FRPSDULVRQV LQµe tt̄95 DIWHU EDVHOLQH VHOHFWLRQ EHIRUH UHZHLJKWLQJ� 7KHPXRQ pT
GLVWULEXWLRQV DUH VKRZQ LQPXOWLSOH ELQQLQJV� ZKLFK DUH WKH VLJQDO UHJLRQ ELQQLQJ� FRQWURO UHJLRQ ELQQLQJ� PXRQ

9HU\7LJKW �7LJKW H[FOXVLYH� ZRUNLQJ SRLQW FDOLEUDWLRQ ELQQLQJ� DQGPXRQ 7LJKW1RW9HU\7LJKW �0HGLXP H[FOXVLYH�
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)LJXUH ����� 'DWD�0& FRPSDULVRQV LQµe tt̄95 DIWHU EDVHOLQH UHZHLJKWLQJ DQG DSSOLFDWLRQ RI 7LJKW1RW9HU\�
7LJKW 3/,9 VHOHFWLRQ DQG VFDOH IDFWRUV� 7KHPXRQ pT GLVWULEXWLRQV DUH VKRZQ LQPXOWLSOH ELQQLQJV� ZKLFK DUH
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࣊ঢࣅ [ӾӣӪҟӈ҇ӪҲҕ eӉҕҟӟӪ҇ҲӉӪҲҟӣ

bǞǋ tt̄W ǶǋƲȐȚȍǋǶǋǷȗ ȚȐǋȐ ǶƲǷΘ ȊǞΘȐǡǁȐ ǽǀǬǋǁȗȐ ƲǷǇ ǡȐ ȗǞǋȍǋǗǽȍǋ ȐǋǷȐǡȗǡΑǋ ȗǽ ǶƲǷΘ ǡǷȐȗȍȚǶǋǷॺ

ȗƲǱ ȚǷǁǋȍȗƲǡǷȗǡǋȐल [ȚǁǞ ǡǷȐȗȍȚǶǋǷȗƲǱ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ʋȍǋ ǇǋȍǡΑǋǇ ǁǋǷȗȍƲǱǱΘ ΒǡȗǞǡǷ ȗǞǋ �b=�[ ȊǞΘȐǡǁȐ

ȊǋȍǗǽȍǶƲǷǁǋ ǘȍǽȚȊȐ ƲǷǇ ȊȍǽΑǡǇǋǇ Ǘǽȍ ƲǱǱ ȊǞΘȐǡǁȐ ƲǷƲǱΘȐǋȐल bǞǋȍǋ Ʋȍǋ ƲǱȐǽ Ʋ Ȑǋȗ ǽǗ ȗǞǋǽȍǋȗǡǁƲǱ ȚǷǁǋȍॺ

ȗƲǡǷȗǡǋȐ ǇǋϮǷǋǇ ȗǽ ǁƲȊȗȚȍǋ ȗǞǋ ǱǡǶǡȗǋǇ ȊȍǋǁǡȐǡǽǷ ǽǗ B� ǘǋǷǋȍƲȗǽȍȐ ƲǷǇ ȗǞǋǽȍǋȗǡǁƲǱ ǁƲǱǁȚǱƲȗǡǽǷȐ ǽǷ

ǡǷǁǱȚȐǡΑǋ ǁȍǽȐȐ ȐǋǁȗǡǽǷȐल $ǡǷƲǱǱΘळ ƲǷ ƲǇǇǡȗǡǽǷƲǱ Ȑǋȗ ǽǗ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ʋȍǋ ǇǋϮǷǋǇ Ǘǽȍ ƲǷƲǱΘȐǡȐ ȐȊǋǁǡϮǁ

ǗǋƲȗȚȍǋȐ ȍǋǱƲȗǡǷǘ ȗǽ tt̄ǶǽǇǋǱǡǷǘ ƲǷǇ ȗǞǋ ȚȐǋ ǽǗ ȊȐǋȚǇǽॺǁǽǷȗǡǷȚǽȚȐ U=/qल

/ӉӣӪӟӮӈҟӉӪ҇ӂ eӉҕҟӟӪ҇ҲӉӪҲҟӣ

�ΗȊǋȍǡǶǋǷȗƲǱ ȐΘȐȗǋǶƲȗǡǁ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ʋȍǋ ȍǋǱƲȗǋǇ ȗǽ ȗǞǋ ȗȍǡǘǘǋȍ ǋϨǁǡǋǷǁΘव ǱǋȊȗǽǷ ȍǋǁǽǷȐȗȍȚǁȗǡǽǷळ

ǡǇǋǷȗǡϮǁƲȗǡǽǷळ ƲǷǇ ǡȐǽǱƲȗǡǽǷ ǋϨǁǡǋǷǁΘव ȗǞǋ ƲǀȐǽǱȚȗǋ ȐǁƲǱǋ ƲǷǇ ȍǋȐǽǱȚȗǡǽǷ ǽǗ ǱǋȊȗǽǷ ǶǽǶǋǷȗȚǶ ǋूǷǋȍǘΘव

ƲǷǇ ǶƲǷΘ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ȍǋǱƲȗǋǇ ȗǽ ȗǞǋ :ǡȭ �ȍǡȣǮ͖ [Ǘǈȇǡ ॡ]�:ࢳ ƲǷǇ :ǡȭ �ȍǡȣǮ͖ XǡȦȓȇȰȭǷȓȍ �Xॡ:ࢳ ƲȐ ΒǋǱǱ

ƲȐ bॺȗƲǘǘǡǷǘ ƲǷǇ :qbल [ΘȐȗǋǶƲȗǡǁȐ Ʋȍǋ ǡǶȊǱǋǶǋǷȗǋǇ ǋǡȗǞǋȍ ƲȐ ƲǱȗǋȍǷƲȗǋ ǋΑǋǷȗ ΒǋǡǘǞȗȐ ॠȐǁƲǱǋ ǗƲǁȗǽȍȐॡ ǽȍ

ƲȐ ǁǽȊǡǋȐ ǽǗ ȗǞǋ B� ǇƲȗƲȐǋȗ ΒǡȗǞ ȐǶǋƲȍǋǇ ǽǀǬǋǁȗ ǋǷǋȍǘΘ ƲǷǇ ǶǽǶǋǷȗȚǶळ ΒǞǡǁǞ Ʋȍǋ ȚȐǋǇ Ǘǽȍ :�[ ƲǷǇ

:�Xल

[ǋΑǋȍƲǱ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ǘǽȍ ǱǋȊȗǽǷȐ Ʋȍǋ ǁǽǷȐǡǇǋȍǋǇल bǞǋȐǋ ȍǋǱƲȗǋ ȗǽ ȍǋǁǽǷȐȗȍȚǁȗǡǽǷळ ǡǇǋǷȗǡϮǁƲȗǡǽǷळ

ƲǷǇ ǡȐǽǱƲȗǡǽǷ ǋϨǁǡǋǷǁǡǋȐ ǶǋƲȐȚȍǋǇ ȚȐǡǷǘ ȗǞǋ bƲU ǶǋȗǞǽǇळ ȗȍƲǁǯ ȗǽ ΑǋȍȗǋΗ ƲȐȐǽǁǡƲȗǡǽǷ ॠǗǽȍ ǶȚǽǷȐॡळ

ƲǷǇ pTूET ȐǁƲǱǋ ƲǷǇ ȍǋȐǽǱȚȗǡǽǷ ȚǷǁǋȍȗƲǡǷȗǡǋȐल �Ƿ ȚǷǁǋȍȗƲǡǷȗΘ ǡȐ ƲǱȐǽ ǁǽǷȐǡǇǋȍǋǇ Ǘǽȍ ȗǞǋ ȐƲǘǡȗȗƲ ǀǡƲȐ

ǁǽȍȍǋǁȗǡǽǷळ ΒǞǡǁǞ ǁǽȍȍǋǁȗȐ Ǘǽȍ ȐǽॺǁƲǱǱǋǇ ΒǋƲǯ ƲǱǡǘǷǶǋǷȗ ǶǽǇǋȐ ǡǷ /� ƲǷǇB[ ȗǞƲȗ ǡǷǇȚǁǋȐ Ʋ ǁǞƲȍǘǋॺ

ǇǋȊǋǷǇǋǷȗ ǀǡƲȐ ǽǷ ȗǞǋ ȍǋǁǽǷȐȗȍȚǁȗǋǇ ǶȚǽǷ pT ।ࣉࣂࣂ॥ल bǞǋȐǋ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ʋȍǋ ǇǋȍǡΑǋǇ ǁǋǷȗȍƲǱǱΘ ǡǷ

ȗǞǋ ǶȚǽǷ ƲǷǇ ǋǱǋǁȗȍǽǷ ȊǋȍǗǽȍǶƲǷǁǋ ǘȍǽȚȊȐ ।ࣆࣆࣂळ ॥लࣇࣆࣂ bǞǋȐǋ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ƲǷǇ ȗǞǋ U=/q ȚǷǁǋȍॺ

ȗƲǡǷȗǡǋȐ ǇǋȍǡΑǋǇ ȐȊǋǁǡϮǁƲǱǱΘ ΒǡȗǞǡǷ ȗǞǋ tt̄W ǶǋƲȐȚȍǋǶǋǷȗ Ʋȍǋ ȐǞǽΒǷ ǡǷ bƲǀǱǋ ࣊लࣅल

ࣂࣅࣂ



bǞǋ উ$ȚǱǱ:�Xঊ ȍǋǇȚǁȗǡǽǷ ȐǁǞǋǶǋ ǡȐ ȚȐǋǇ Ǘǽȍ :�[ ƲǷǇ :�X ȚǷǁǋȍȗƲǡǷȗǡǋȐ ƲǷǇ ȍǋǇȚǁǋȐ ȗǞǋ ǁǽǶॺ

ȊǱǋΗǡȗΘ ǽǗ ȗǞǋ ȐΘȐȗǋǶƲȗǡǁȐ ǶǽǇǋǱ ǗȍǽǶ ȍǽȚǘǞǱΘ ࣁࣁࣂ ॠࣅࣄॡ :�[ ॠ:�Xॡ ǁǽǶȊǽǷǋǷȗȐ ȗǽ ࣁࣄ ॠࣅࣂॡ ǁǽǶȊǽॺ

ǷǋǷȗȐ ΒǡȗǞ ǽǷǱΘ ȐǶƲǱǱ ȍǋǇȚǁȗǡǽǷ ǡǷ ȗǞǋ ȊȍǋǁǡȐǡǽǷ ǽǗ ǁǽȍȍǋǱƲȗǡǽǷȐ ƲǁȍǽȐȐ ǇǡϥǋȍǋǷȗ ȍǋǘǡǽǷȐ ǽǗ Ǭǋȗ ȊǞƲȐǋ

ȐȊƲǁǋ ।ࣈࣆࣂ॥ल bǞǡȐ ǡȐ ȗǞǋ ǶǽȐȗ ǁǽǶȊǱǋȗǋ ǽǗ ȗǞǋ ȍǋǇȚǁȗǡǽǷ ȐǁǞǋǶǋȐ ƲǷǇ ǡȐ ȍǽǀȚȐȗ ǡǗ ȗǞǋ ǷȚǡȐƲǷǁǋ ȊƲȍƲǶॺ

ǋȗǋȍȐ ƲȐȐǽǁǡƲȗǋǇ ȗǽ ȗǞǋȐǋ ǁǽǶȊǽǷǋǷȗȐ Ʋȍǋ ȊȚǱǱǋǇ ǡǷ ϮȗȐ ȗǽ ǇƲȗƲल bǞǋ :�X ǡȐ ǁǽȍȍǋǁȗǋǇ ǀΘ ȐǶǋƲȍǡǷǘ B�

ΒǞǋǷ ǡȗ ǞƲȐ ǀǋȗȗǋȍ ȍǋȐǽǱȚȗǡǽǷ ȗǞƲǷ ǇƲȗƲळ ǀȚȗ ǡǷ ǁƲȐǋȐ ΒǞǋȍǋ ǇƲȗƲ ǞƲȐ ǀǋȗȗǋȍ ȍǋȐǽǱȚȗǡǽǷ ȗǞƲǷB� ƲǷ

ȚǷǁǋȍȗƲǡǷȗΘ ǡȐ ƲȊȊǱǡǋǇ ȗǽ ǀȍǡǇǘǋ ȗǞǋ ǇǡϥǋȍǋǷǁǋळ ΒǞǡǁǞ ǶƲΘ ǀǋ ȊȚǱǱǋǇ ǡǷ ϮȗȐ ȗǽ ǇƲȗƲल bǞǋȍǋ Ʋȍǋ ƲǱȐǽ ȚǷॺ

ǁǋȍȗƲǡǷȗǡǋȐ ƲȊȊǱǡǋǇ ȗǽEmiss
T ȐǁƲǱǋ ƲǷǇ ȍǋȐǽǱȚȗǡǽǷ ǽǗ ȐǽǗȗ ƲǁȗǡΑǡȗΘ ǡǷ ȗǞǋ Ǉǋȗǋǁȗǽȍ ȗǞƲȗ ǡȐ Ƿǽȗ ǁǱȚȐȗǋȍǋǇ

ǡǷȗǽ ǬǋȗȐ ǽȍ ȍǋǁǽǷȐȗȍȚǁȗǋǇ ƲȐ ǱǋȊȗǽǷȐल bǞǋȐǋ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ʋȍǋ ȐȚǶǶƲȍǡΝǋǇ ǡǷ bƲǀǱǋ ࣊लࣆल �Ƿ ǽΑǋȍƲǱǱ

ȚǷǁǋȍȗƲǡǷȗΘ ǽǗ ੆ࣈलࣂ ǡȐ ȗƲǯǋǷ ǽǷ ȗǞǋ ǱȚǶǡǷǽȐǡȗΘ ǶǋƲȐȚȍǋǶǋǷȗ ǇȚȍǡǷǘ ࣉࣂࣁࣃॺࣆࣂࣁࣃ ǇƲȗƲॺȗƲǯǡǷǘ ȊǋȍǡǽǇȐ

ȚȐǡǷǘ ȗǞǋ ΑƲǷ Ǉǋȍ Bǋǋȍ ǶǋȗǞǽǇ ।ࣉࣆࣂ॥ल

ࣃࣅࣂ



7DEOH ���� 6XPPDU\ RI LQVWUXPHQWDO XQFHUWDLQWLHV UHODWHG WR HOHFWURQ DQGPXRQ UHFRQVWUXFWLRQ�

/ǷȐȗȍȚǶǋǷȗƲǱ [ΘȐȗǋǶƲȗǡǁ eǷǁǋȍȗƲǡǷȗǡǋȐ Ǘǽȍ =ǋȊȗǽǷȐ
[ǽȚȍǁǋ �ǋȐǁȍǡȊȗǡǽǷ ि CUȐ �ȊȊǱǡǁƲȗǡǽǷ

bȍǡǘǘǋȍ
�ϨǁǡǋǷǁǡǋȐ ebȍǡǘǘǋȍ �ϨǁǡǋǷǁΘ ࣃ �ΑǋǷȗ sǋǡǘǞȗ

µbȍǡǘǘǋȍ �ϨǁǡǋǷǁΘ ࣂ �ΑǋǷȗ sǋǡǘǞȗ
BȚǽǷȐ

�ϨǁǡǋǷǁǡǋȐ XǋǁǽǷȐȗȍȚǁȗǡǽǷ ƲǷǇ /� ࣃ �ΑǋǷȗ sǋǡǘǞȗ
XǋǁǽǷȐȗȍȚǁȗǡǽǷ ƲǷǇ /� ॠǱǽΒ pTॡ ࣃ �ΑǋǷȗ sǋǡǘǞȗ
bȍƲǁǯ bǽ qǋȍȗǋΗ �ȐȐǽǁǡƲȗǡǽǷ ࣃ �ΑǋǷȗ sǋǡǘǞȗ
$�=ǽǽȐǋ /ȐǽǱƲȗǡǽǷ ࣃ �ΑǋǷȗ ΒǋǡǘǞȗ
U=/q qǋȍΘbǡǘǞȗ ࣁࣂ �ΑǋǷȗ ΒǋǡǘǞȗ
U=/q bǡǘǞȗCǽȗqǋȍΘbǡǘǞȗ ࣁࣂ �ΑǋǷȗ ΒǋǡǘǞȗ

pT [ǁƲǱǋ �ǽǶǀǡǷǋǇ pT [ǁƲǱǋ ࣂ pT �ǽȍȍल
pT XǋȐǽǱȚȗǡǽǷ /� XǋȐǽǱȚȗǡǽǷ ࣂ pT �ǽȍȍल

B[ XǋȐǽǱȚȗǡǽǷ ࣂ pT �ǽȍȍल
B[ �ǞƲȍǘǋॺǇǋȊǋǷǇǋǷȗ [ƲǘǡȗȗƲ �ǡƲȐ ࣂ pT �ǽȍȍल

�ǱǋǁȗȍǽǷȐ
�ϨǁǡǋǷǁǡǋȐ XǋǁǽǷȐȗȍȚǁȗǡǽǷ ࣂ �ΑǋǷȗ sǋǡǘǞȗ

/ǇǋǷȗǡϮǁƲȗǡǽǷ ࣂ �ΑǋǷȗ sǋǡǘǞȗ
$�=ǽǽȐǋ /ȐǽǱƲȗǡǽǷ ࣂ �ΑǋǷȗ sǋǡǘǞȗ
U=/q qǋȍΘbǡǘǞȗ ࣈ �ΑǋǷȗ ΒǋǡǘǞȗ
U=/q bǡǘǞȗCǽȗqǋȍΘbǡǘǞȗ ࣈ �ΑǋǷȗ ΒǋǡǘǞȗ

ET [ǁƲǱǋ ET [ǁƲǱǋ ࣂ �ǷǋȍǘΘ �ǽȍȍल
ET XǋȐǽǱȚȗǡǽǷ ET XǋȐǽǱȚȗǡǽǷ ࣂ �ǷǋȍǘΘ �ǽȍȍल

ࣄࣅࣂ



7DEOH ���� 6XPPDU\ RI LQVWUXPHQWDO XQFHUWDLQWLHV UHODWHG WR MHW DQGEmiss
T UHFRQVWUXFWLRQ�

/ǷȐȗȍȚǶǋǷȗƲǱ [ΘȐȗǋǶƲȗǡǁ eǷǁǋȍȗƲǡǷȗǡǋȐ Ǘǽȍ :ǋȗȐ ƲǷǇ Emiss
T

[ǽȚȍǁǋ �ǋȐǁȍǡȊȗǡǽǷ ि CUȐ �ȊȊǱǡǁƲȗǡǽǷ
:ǋȗȐ

�ϨǁǡǋǷǁΘ :ǋȗ qǋȍȗǋΗ bƲǘǘǋȍ ࣂ �ΑǋǷȗ sǋǡǘǞȗ
:�[ %ǱǽǀƲǱ [ǋȌȚǋǷȗǡƲǱ �ƲǱǡǀȍƲȗǡǽǷ ࣆࣂ pT �ǽȍȍल

η /ǷȗǋȍॺǁƲǱǡǀȍƲȗǡǽǷ ࣇ pT �ǽȍȍल
,ǡǘǞॺpT :ǋȗȐ ࣂ pT �ǽȍȍल
UǡǱǋȚȊ �ǋȊǋǷǇǋǷǁǋ ࣅ pT �ǽȍȍल
CǽǷॺǁǱǽȐȚȍǋ ࣂ pT �ǽȍȍल
bॺǬǋȗ ȍǋȐȊǽǷȐǋ ࣂ pT �ǽȍȍल
q/g ȍǋȐȊǽǷȐǋ ƲǷǇ ǁǽǶȊǽȐǡȗǡǽǷ ࣃ pT �ǽȍȍल

:�X $ȚǱǱ:�X XǋǇȚǁȗǡǽǷ [ǁǞǋǶǋ ࣃࣂ pT �ǽȍȍल
�ƲȗƲ ΑȐल $ȚǱǱȐǡǶ ࣂ pT �ǽȍȍल
�ƲȗƲ ΑȐल �$// ࣂ pT �ǽȍȍल
Emiss

T ॠǽǷǱΘ ȚȐǋǇ ǡǷ �ǽǷȗȍǽǱ XǋǘǡǽǷȐॡ
[ǽǗȗ bȍƲǁǯ bǋȍǶȐ XǋȐǽǱȚȗǡǽǷ ࣃ pT �ǽȍȍल

[ǁƲǱǋ ࣂ pT �ǽȍȍल

7DEOH ���� 6XPPDU\ RI LQVWUXPHQWDO XQFHUWDLQWLHV UHODWHG WR b�WDJJLQJ DQG SLOHXS�

/ǷȐȗȍȚǶǋǷȗƲǱ [ΘȐȗǋǶƲȗǡǁ eǷǁǋȍȗƲǡǷȗǡǋȐ Ǘǽȍ bॺȗƲǘǘǡǷǘ ƲǷǇ UǡǱǋȚȊ
[ǽȚȍǁǋ �ǋȐǁȍǡȊȗǡǽǷ ि CUȐ �ȊȊǱǡǁƲȗǡǽǷ

UȐǋȚǇǽॺǁǽǷȗǡǷȚǽȚȐ bॺȗƲǘǘǡǷǘ
�ϨǁǡǋǷǁΘ ȍࣂ=� bॺȗƲǘǘǋȍ ǋϥल ǽǗ ȗȍȚǋ bॺǬǋȗȐ ࣉࣂ �ΑǋǷȗ sǋǡǘǞȗ

ȍࣂ=� bॺȗƲǘǘǋȍ ǋϥल ǽǗ ȗȍȚǋ cॺǬǋȗȐ ࣉࣂ �ΑǋǷȗ sǋǡǘǞȗ
ȍࣂ=� bॺȗƲǘǘǋȍ ǋϥल ǽǗ ȗȍȚǋ ǱǡǘǞȗ
ϱƲΑǽȍ ǬǋȗȐ

ࣉࣂ �ΑǋǷȗ sǋǡǘǞȗ

UǡǱǋॺȚȊ ȍǋΒǋǡǘǞȗǡǷǘ
UǡǱǋȚȊ UǡǱǋȚȊ ȍǋΒǋǡǘǞȗǡǷǘ ࣂ �ΑǋǷȗ sǋǡǘǞȗ

ࣅࣅࣂ



�Ӊ ҇ӣҲқҟত :�[ $ӂ҇ӺӐӟ eӉҕҟӟӪ҇ҲӉӪҲҟӣ

�ȚȍǡǷǘ ȗǞǋ ƲǷƲǱΘȐǡȐ ǇǋΑǋǱǽȊǶǋǷȗ ǡȗ ΒƲȐ ǽǀȐǋȍΑǋǇ ȗǞƲȗ ȗǞǋ :�[ ϱƲΑǽȍ ȍǋȐȊǽǷȐǋ ƲǷǇ ǁǽǶȊǽȐǡȗǡǽǷ ȚǷॺ

ǁǋȍȗƲǡǷȗǡǋȐ Βǋȍǋ ƲǶǽǷǘ ȗǞǋ ǶǽȐȗ ǇǽǶǡǷƲǷȗ Ʋȗ ȗǞǋ ǇǡϥǋȍǋǷȗǡƲǱ ǱǋΑǋǱ ǗǽȍNjetsल bǞǋȐǋ ȚǷǁǋȍȗƲǡǷȗǡǋȐ

ȊǋȍȗƲǡǷ ȗǽ ȗǞǋ ǇǡϥǋȍǋǷǁǋ ǡǷ Ǭǋȗ ȐǞƲȊǋȐ ƲǷǇ Ǉǋȗǋǁȗǽȍ ȍǋȐȊǽǷȐǋ Ǘǽȍ ǬǋȗȐ ǡǷǡȗǡƲȗǋǇ ǀΘ ǱǡǘǞȗ ȌȚƲȍǯȐ ǽȍ ǀΘ

ǘǱȚǽǷȐࣈ ǇȚǋ ȗǽ ǇǡϥǋȍǋǷǁǋȐ ǡǷ ȍƲǇǡƲȗǡǽǷ ȊƲȗȗǋȍǷȐ ǇȚȍǡǷǘ ȐǞǽΒǋȍ ǋΑǽǱȚȗǡǽǷल bǞǋ ȗǽȗƲǱ ϱƲΑǽȍॺȍǋǱƲȗǋǇ

:�[ ȚǷǁǋȍȗƲǡǷȗΘ ǡȐ ǇǋϮǷǋǇ ǀΘ

∆RS = ∆fg × (Rq −Rg)︸ ︷︷ ︸
$ǱƲΑǽȍ ǁǽǶȊǽȐǡȗǡǽǷ

⊕ fg ×∆Rg︸ ︷︷ ︸
$ǱƲΑǽȍ ȍǋȐȊǽǷȐǋ

ॠ࣊लࣄॡ

ΒǞǋȍǋ fg ±∆fg ǡȐ ȗǞǋ ǗȍƲǁȗǡǽǷ ǽǗ ǬǋȗȐ ȗǞƲȗ Ʋȍǋ ȊȍǽǇȚǁǋǇ ǀΘ ǘǱȚǽǷȐ ॠǘǱȚǽǷ ǁǽǶȊǽȐǡȗǡǽǷॡळRq ƲǷǇRg

Ʋȍǋ ȗǞǋ ȍǋȐȊǽǷȐǋȐ Ǘǽȍ ǱǡǘǞȗ ȌȚƲȍǯȐ ƲǷǇ ǘǱȚǽǷȐळ ƲǷǇ∆Rg ǡȐ ƲǷ ȚǷǁǋȍȗƲǡǷȗΘ ǡǷ ȗǞǋ ǘǱȚǽǷ ȍǋȐȊǽǷȐǋ Ǉǋॺ

ϮǷǋǇ ǀΘ ȗǞǋ ǇǡϥǋȍǋǷǁǋ ǀǋȗΒǋǋǷ UӾӪүҲ҇ ࣉ ƲǷǇ ,ҟӟӻҲҪ ࣈ ΒǞǡǁǞ ǡȐ ǇǋȍǡΑǋǇ ǁǋǷȗȍƲǱǱΘ ǀΘ ȗǞǋ :ǋȗूEmiss
T

ǘȍǽȚȊल

:ǋȗ ǁƲǱǡǀȍƲȗǡǽǷ ȗǽǽǱȐ ȗǞƲȗ ȊȍǽΑǡǇǋ ȗǞǡȐ ȚǷǁǋȍȗƲǡǷȗΘ Ʋȍǋ ƲǘǷǽȐȗǡǁ ȗǽ ȗǞǋ ǘǱȚǽǷ ǁǽǶȊǽȐǡȗǡǽǷ Ǘǽȍ Ʋ

ȊƲȍȗǡǁȚǱƲȍ ƲǷƲǱΘȐǡȐ ǀΘ ǇǋǗƲȚǱȗ ƲǷǇ ƲȐȐȚǶǋ ȚǷǡǗǽȍǶ ±੆ࣁࣆ ੆ࣁࣆ ǘǱȚǽǷ ǁǽǶȊǽȐǡȗǡǽǷल bǞǡȐ ǶƲΗǡǶƲǱǱΘ

ǁǽǷȐǋȍΑƲȗǡΑǋ ƲȐȐȚǶȊȗǡǽǷ ǱǋƲǇ ȗǽ ǱƲȍǘǋ ȚǷǁǋȍȗƲǡǷȗǡǋȐल bǞǋ ǶƲǘǷǡȗȚǇǋ ǽǗ :�[ ϱƲΑǽȍ ǁǽǶȊǽȐǡȗǡǽǷ ƲǷǇ

ȍǋȐȊǽǷȐǋ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ǘǽȍ ȗǞǋ ǱƲȍǘǋȐȗ ȊȍǽǶȊȗ ǀƲǁǯǘȍǽȚǷǇȐ tt̄H ळ tt̄Z ळ ƲǷǇ V V Ʋȍǋ ȐǞǽΒǷ ǡǷ $ǡǘȚȍǋ

࣊लࣁࣃल bǞǋ ǷǽȍǶƲǱǡΝƲȗǡǽǷ ǁǽǶȊǽǷǋǷȗ ǽǗ ȗǞǋȐǋ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ǡȐ ȐǶƲǱǱ ΒǞǡǱǋ ȗǞǋ ȐǞƲȊǋ ǡǶȊƲǁȗ ǡȐ ȐǡǘǷǡϮॺ

ǁƲǷȗ Ʋȗ ȗǞǋ ǱǋΑǋǱ ǽǗ ȚȊ ȗǽ ੆ࣁࣂ ǡǷ ȗǞǋ ǁƲȐǋ ǽǗ tt̄H ƲǷǇ V V ल

:�[ ϱƲΑǽȍ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ǁƲǷ ǀǋ ȍǋǇȚǁǋǇ ǀΘ ǇǋȍǡΑǡǷǘ ȊȍǋǁǡȐǋ ǘǱȚǽǷ ǁǽǶȊǽȐǡȗǡǽǷ ǶƲȊȐ ǡǷ (pT , |η|)ल

bǞǋ ǀǡǷǷǡǷǘ ǡȐ ǶƲǇǋ ϮǷǋ ǋǷǽȚǘǞ ȗǽ ȍǋȐǽǱΑǋ ȗǞǋ ȐȗȍȚǁȗȚȍǋ ǽǗ ǘǱȚǽǷ ǁǽǶȊǽȐǡȗǡǽǷ ƲȐ Ʋ ǗȚǷǁȗǡǽǷ ǽǗ

XǋǗǋȍȍǡǷǘࣈ ȗǽ ȗǞǋ ǇǡϥǋȍǋǷǁǋ ǀǋȗΒǋǋǷ ǘǱȚǽǷॺ ƲǷǇ ǱǡǘǞȗ ȌȚƲȍǯॺǡǷǡȗǡƲȗǋǇ ǬǋȗȐ Ʋ উϱƲΑǽȍঊ ȚǷǁǋȍȗƲǡǷȗΘ ǡȐ ȐǽǶǋॺ
ȗǞǡǷǘ ǽǗ Ʋ ǶǡȐǷǽǶǋȍळ ǀȚȗ ǡȐ ȗǞǋ ȐȗƲǷǇƲȍǇ ǷƲǶǡǷǘ ȐǁǞǋǶǋ ΒǡȗǞǡǷ �b=�[ल

ࣆࣅࣂ



Gluon Fractions for JES Flavor Composition and ResponseBrendon Bullard

‣ Systematics in SR in v701 - , , , and , but VV samples also large, include in studytt̄H tt̄W tt̄Z tt̄

3

Samples with large JES flavor uncertainties 
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ǁǽǷϮȍǶǋǇ ƲǗȗǋȍ ǁǞǋǁǯǡǷǘ ȗǞǋ ǀǡǷॺȗǽॺǀǡǷ ǇǡϥǋȍǋǷǁǋȐ ƲǶǽǷǘ ƲǱǱ ǇǋȍǡΑǋǇ ǶƲȊȐल bǞǋB� ȐȗƲȗǡȐȗǡǁƲǱ ȚǷॺ

ǁǋȍȗƲǡǷȗǡǋȐ Βǋȍǋ ƲǱȐǽ ȐǋǋǷ ȗǽ ǀǋ ǷǋǘǱǡǘǡǀǱǋल bΒǽ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ʋȍǋ ǇǋȍǡΑǋǇ ǽǷ ȗǞǋȐǋ ǘǱȚǽǷ ǁǽǶȊǽȐǡȗǡǽǷऴ

ȗǞǋ ȐǡǶȚǱȗƲǷǋǽȚȐ ΑƲȍǡƲȗǡǽǷ ǽǗ µR ƲǷǇ µF ळ ƲǷǇ Ʋ ǘǋǷǋȍƲȗǽȍ ȚǷǁǋȍȗƲǡǷȗΘ ǇǋϮǷǋǇ ƲȐ ȗǞǋ ǇǡϥǋȍǋǷǁǋ

ǀǋȗΒǋǋǷ ȗǞǋ ǷǽǶǡǷƲǱ B� ȐƲǶȊǱǋ ƲǷǇ ƲǷ ƲǱȗǋȍǷƲȗǋ ȐƲǶȊǱǋल bǞǋ ȐƲǶȊǱǋȐ ȚȐǋǇ ȗǽ ǇǋϮǷǋ ȗǞǋ ǷǽǶǡॺ

ǷƲǱ ƲǷǇ ǘǋǷǋȍƲȗǽȍ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ʋȍǋ ǱǡȐȗǋǇ ǡǷ bƲǀǱǋ ࣊लࣈल bǞǋ ȗǽȗƲǱ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ȚȐǋǇ Ǘǽȍ ȗǞǋ ϱƲΑǽȍ

ǁǽǶȊǽȐǡȗǡǽǷ ȚǷǁǋȍȗƲǡǷȗΘ ǡȐ ǇǋϮǷǋǇ ƲȐ ȗǞǋ ǀǡǷॺǀΘॺǀǡǷ ȐȚǶ ǡǷ ȌȚƲǇȍƲȗȚȍǋ ǽǗ ȗǞǋ ȗΒǽ ǁǽǶȊǽȐǡȗǡǽǷ

ȚǷǁǋȍȗƲǡǷȗǡǋȐल

CǽǶǡǷƲǱ eǷǁǋȍȗƲǡǷȗΘ
tt̄H UӐӻүҟҪ ਭUӾӪүҲ҇ ࣉ UӐӻүҟҪ ਭ,ҟӟӻҲҪ⊕µR/µF

tt̄W [үҟӟӜ҇ ࣁࣂलࣃलࣃ B%ࣆ঱҇B�૦C=H ਭUӾӪүҲ҇ µR/µF⊕ࣉ

tt̄Z [үҟӟӜ҇ ࣂࣂलࣃलࣃ B%ࣆ঱҇B�૦C=H ਭUӾӪүҲ҇ µR/µF⊕ࣉ

tt̄ UӐӻүҟҪ ਭUӾӪүҲ҇ ॺࣉ UӐӻүҟҪ ਭ,ҟӟӻҲҪ µR/µF⊕ࣈ

V V [үҟӟӜ҇ ࣂलࣃलࣃ UӐӻүҟҪ ਭUӾӪүҲ҇ µR/µF⊕ࣉ

7DEOH ���� 6DPSOHV XVHG WR GHĆQH WKH QRPLQDO DQG JHQHUDWRU XQFHUWDLQWLHV

ࣇࣅࣂ



%ǱȚǽǷ ǗȍƲǁȗǡǽǷ ǶƲȊȐ ȐǞǽȚǱǇ ǀǋ ǇǋȍǡΑǋǇ Ǘǽȍ ȐȊǋǁǡϮǁ ƲǷƲǱΘȐǡȐ ǁǞƲǷǷǋǱȐळ ȚȐǡǷǘ ȗȍȚȗǞ ǡǷǗǽȍǶƲȗǡǽǷ

ȗǽ ǇǋȗǋȍǶǡǷǋ ȗǞǋ ǽȍǡǘǡǷƲȗǡǷǘ ȊƲȍȗǽǷ ǽǗ ƲǱǱ ǬǋȗȐ ǡǷ ȗǞǋ ǋΑǋǷȗल BƲȊȐ Ʋȍǋ ǇǋȍǡΑǋǇ Ǘǽȍ ȗǞǋ 2![[ ƲǷǇ 3!

ǁǞƲǷǷǋǱȐ ȐǋȊƲȍƲȗǋǱΘळ ƲȐ ȗǞǋΘ Ǉǡϥǋȍ ǀΘ Ʋ ǶƲȍǘǡǷ ǗƲȍ ǱƲȍǘǋȍ ȗǞƲǷ ȗǞǋǡȍ ǁǽǶǀǡǷǋǇ ȚǷǁǋȍȗƲǡǷȗǡǋȐल bǞǋ Ȑǋॺ

ǱǋǁȗǡǽǷȐ ǁǞǽȐǋǷ Ǘǽȍ ȗǞǋ ǇǋȍǡΑƲȗǡǽǷ Ʋȍǋ Ʋ ȐǱǡǘǞȗǱΘ ȍǋǱƲΗǋǇ ΑǋȍȐǡǽǷ ǽǗ ȗǞǋ [X ǇǋϮǷǡȗǡǽǷळ ΒǞǋȍǋ Ƿǽ ǁǽǷΑǋȍॺ

ȐǡǽǷ ǽȍ U=/qॠਭ��/�[ॡ ǁȚȗȐ Ʋȍǋ ǶƲǇǋ ƲǷǇ ȗǞǋNǬǋȗȐ ȗǞȍǋȐǞǽǱǇ ǡȐ ǱǽΒǋȍǋǇ ȗǽ≥ 1 ƲǷǇ Ƿǽ bॺǬǋȗ ǁȚȗ ǡȐ

ǡǶȊǽȐǋǇ Ǘǽȍ ǀǽȗǞ 2![[ ƲǷǇ 3! ǁǞƲǷǷǋǱȐल bǞǋ ϮǷƲǱ Ȑǋȗ ǽǗ ǘǱȚǽǷ ǁǽǶȊǽȐǡȗǡǽǷ ǶƲȊȐ ƲǷǇ ȚǷǁǋȍȗƲǡǷȗǡǋȐ

ȗǞƲȗ Ʋȍǋ ȚȐǋǇ ȗǽ ǇǋȍǡΑǋ ȗǞǋ ϱƲΑǽȍ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ʋȍǋ ǘǡΑǋǷ ǡǷ $ǡǘȚȍǋȐ ࣊लࣂࣃ ॺ ࣊लࣆࣃल

� ǁǞǋǁǯ ΒƲȐ ȊǋȍǗǽȍǶǋǇ ȗǽ Ȑǋǋ ǡǗ ǀǡǷǷǡǷǘ ǡǷ Ǭǋȗ ǶȚǱȗǡȊǱǡǁǡȗΘ ΒǽȚǱǇ ȍǋǇȚǁǋ ȗǞǋ ǇǡϥǋȍǋǷǁǋ ǀǋȗΒǋǋǷ

ȗǞǋ ȗΒǽ ǁǞƲǷǷǋǱȐळ ȐǡǷǁǋ ȗǞǋ 3! ǁǞƲǷǷǋǱ ǡȐ ǋΗȊǋǁȗǋǇ ȗǽ ǞƲΑǋ ࣃ ǗǋΒǋȍ ȌȚƲȍǯ ǬǋȗȐ ǡǷ ȗǞǋ tt̄W ϮǷƲǱ ȐȗƲȗǋ

ƲǷǇ ȚȊ ȗǽ ࣃ ǗǋΒǋȍ ȌȚƲȍǯ ǬǋȗȐ Ǘǽȍ ǀƲǁǯǘȍǽȚǷǇ ȊȍǽǁǋȐȐǋȐल /ȗ ΒƲȐ ǗǽȚǷǇ ȗǞƲȗ ȗǞǋ ǇǡϥǋȍǋǷǁǋȐ ǀǋȗΒǋǋǷ

ǁǞƲǷǷǋǱȐ ȊǋȍȐǡȐȗǋǇ ƲǷǇ ΒƲȐ Ƕǽȍǋ ȐǡǘǷǡϮǁƲǷȗ ȗǞƲǷ ȗǞǋ ǇǡϥǋȍǋǷǁǋȐ ǡǷNǬǋȗ ǀǡǷȐल bǞǋ ΑƲȍǡƲȗǡǽǷ ǽǗ ȗǞǋ

NǀॺǬǋȗ ȗǞȍǋȐǞǽǱǇ ΒƲȐ ȐǞǽΒǷ ȗǽ ǞƲΑǋ Ʋ ǷǋǘǱǡǘǡǀǱǋ ǋϥǋǁȗ ǽǷ ȗǞǋ ǘǱȚǽǷ ǶƲȊȐल bǞǋ ǇǡϥǋȍǋǷǁǋ ǀǋȗΒǋǋǷ

B� ǁƲǶȊƲǡǘǷȐ ǁǽȍȍǋȐȊǽǷǇǡǷǘ ȗǽ ǇǡϥǋȍǋǷȗ ΘǋƲȍȐ ǽǗ ǇƲȗƲ ȗƲǯǡǷǘ ƲǱȐǽ ȐǞǽΒǋǇ Ʋ ǷǋǘǱǡǘǡǀǱǋ ǇǡϥǋȍǋǷǁǋȐ

ƲǶǽǷǘ ƲǱǱ ȐƲǶȊǱǋȐल

bǞǋ ǘǋǷǋȍƲǱ ǗǋƲȗȚȍǋȐ ǽǗ ȗǞǋ ǘǱȚǽǷ ǁǽǶȊǽȐǡȗǡǽǷȐ Ʋȍǋ ȐǡǶǡǱƲȍ ƲǁȍǽȐȐ ȊȍǽǁǋȐȐǋȐल /Ƿ tt̄W ळ V V ळ ƲǷǇ tt̄

ȊȍǽǇȚǁȗǡǽǷळ ȗǞǋ 2![[ ǁǞƲǷǷǋǱ ǡǷΑǽǱΑǋȐ Ʋ V → qq̄(′) ΒǞǡǁǞ ǶȚȐȗ ƲǱȗǋȍǷƲȗǡΑǋ ǇǋǁƲΘ ȗǽ !! ǽȍ !ν ȗǽ ǀǋ

ƲǁǁǋȊȗǋǇ ǀΘ ȗǞǋ 3! ȐǋǱǋǁȗǡǽǷल �ȗ ǱǋƲǇǡǷǘ ǽȍǇǋȍळ ǬǋȗȐ ǡǷ ȗǞǋ 3! ǁǞƲǷǷǋǱ ǁƲǷ ǽǷǱΘ ǁǽǶǋ ǗȍǽǶ ǘǱȚǽǷ ȍƲǇǡॺ

ƲȗǡǽǷ ǡǷ tt̄W ƲǷǇ V V ȊȍǽǇȚǁȗǡǽǷल �Ȑ Ʋ ȍǋȐȚǱȗळ Ʋ ǘȍǋƲȗǋȍ ǗȍƲǁȗǡǽǷ ǽǗ ǬǋȗȐ ǡǷ 3! ǋΑǋǷȗȐ Ʋȍǋ ȊȍǽǇȚǁǋǇ ǀΘ

ȐǽǗȗ W�� ȊȍǽǁǋȐȐǋȐ ॠ/[Xू$[Xॡ ǡǷ ȗǞǋ U[ ƲǱǘǽȍǡȗǞǶळ ǱǋƲǇǡǷǘ ȗǽ ƲǷ ǋǷǞƲǷǁǋǶǋǷȗ ǽǗ ȗǞǋ ǘǱȚǽǷ ǗȍƲǁॺ

ȗǡǽǷळ ȊƲȍȗǡǁȚǱƲȍǱΘ ǡǷ ȗǞǋ ǱǽΒॺpT ǁǋǷȗȍƲǱ ȊǞƲȐǋ ȐȊƲǁǋ ΒǞǋȍǋ ǇǡϥǋȍǋǷǁǋȐ ǡǷ 2![[ ƲǷǇ 3! ȍǋƲǁǞ ੆लࣁࣄ੆ॺࣁࣃ

�Țǋ ȗǽ ȗǞǋ ǘȍǋƲȗǋȍ ȍǋȊȍǋȐǋǷȗƲȗǡǽǷ ǽǗ U[ ǬǋȗȐ ǡǷ ȗǞǋ 3! ǁǞƲǷǷǋǱळ ƲǱȗǋȍǷƲȗǋ ȐǞǽΒǋȍǡǷǘ ƲǱǘǽȍǡȗǞǶ ȚǷǁǋȍॺ

ȗƲǡǷȗǡǋȐ Ʋȍǋ ǱƲȍǘǋȍ ǀΘ Ʋ ǗƲǁȗǽȍ ǽǗ ࣃ ǽȍ Ƕǽȍǋल bǞǋȐǋ ǗǋƲȗȚȍǋȐ Ʋȍǋ Ƿǽȗ ǋΗǞǡǀǡȗǋǇ ǀΘ tt̄Z ƲǷǇ tt̄H ळ ΒǞǡǁǞ

ࣈࣅࣂ



ǞƲΑǋ ǁƲǷ ǞƲΑǋ ࣃ ǽȍ Ƕǽȍǋ qॺǡǷǡȗǡƲȗǋǇ ǬǋȗȐ Ʋȗ ȗȍǋǋ ǱǋΑǋǱ ǋΑǋǷ ǡǗ ƲǁǁǋȊȗǋǇ ǡǷȗǽ ȗǞǋ 3! ǁǞƲǷǷǋǱल

bǽ ǋΑƲǱȚƲȗǋ ȗǞǋ ǋϥǋǁȗ ǽǗ ȗǞǋ ǇǋȍǡΑǋǇ ǘǱȚǽǷ ǗȍƲǁȗǡǽǷ ǶƲȊȐळ Ʋ ȐǡǶȊǱǋ Ϯȗ ǡǶȊǱǋǶǋǷȗƲȗǡǽǷ ǡȐ ȚȐǋǇ

ȗǞƲȗ ǁǽǷȗƲǡǷȐ Ʋ ȐȚǀȐǋȗ ǽǗ ȐΘȐȗǋǶƲȗǡǁ ȚǷǁǋȍȗƲǡǷȗǡǋȐल bǞǋ Ϯȗ ǡȐ ȊǋȍǗǽȍǶǋǇ ǀǋǗǽȍǋ ƲǷǇ ƲǗȗǋȍ ȗǞǋ :�[ ϱƲॺ

Αǽȍ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ʋȍǋ ȍǋΑǡȐǋǇ ΒǡȗǞ ȗǞǋ ǷǋΒǶƲȊȐल �ǽǶȊǽȐǡȗǡǽǷ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ǇǋǁȍǋƲȐǋ ǀΘ ƲǷ ǽȍǇǋȍ

ǽǗ ǶƲǘǷǡȗȚǇǋळ ΒǞǡǱǋ ȗǞǋ ȍǋȐȊǽǷȐǋ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ǞƲΑǋ ǽǷǱΘ ǶǡǷǽȍ ȍǋǇȚǁȗǡǽǷȐल bǞǡȐ ǡȐ ƲȐ ǋΗȊǋǁȗǋǇळ ǀǋॺ

ǁƲȚȐǋ ȗǞǋ ƲǀȐǽǱȚȗǋ ǘǱȚǽǷ ǗȍƲǁȗǡǽǷȐ ǋǷȗǋȍ ǡǷȗǽ ȗǞǋ ȍǋȐȊǽǷȐǋ ȚǷǁǋȍȗƲǡǷȗΘ ǀȚȗ Ǉǽ Ƿǽȗ Ǉǡϥǋȍ ǋΗȗȍǋǶǋǱΘ

ǗȍǽǶ ळࣁࣆूࣁࣆ ΒǞǡǱǋ ȗǞǋ ǷǋΒǶƲȊȐ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ǋǷȗǋȍ ǡǷȗǽ ȗǞǋ ǁǽǶȊǽȐǡȗǡǽǷ ȚǷǁǋȍȗƲǡǷȗΘ ƲǷǇ Ʋȍǋ ȐǡǘǷǡǗॺ

ǡǁƲǷȗǱΘ ȍǋǇȚǁǋǇ ǗȍǽǶ ȗǞǋ ƲǘǷǽȐȗǡǁ ੆ࣁࣆ ǇǋǗƲȚǱȗ ȚǷǁǋȍȗƲǡǷȗΘल
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JES Flavor Composition
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bүҟӐӟҟӪҲҕ҇ӂ eӉҕҟӟӪ҇ҲӉӪҲҟӣ

[ǋΑǋȍƲǱ ȗǞǋǽȍǋȗǡǁƲǱ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ʋȍǋ ƲȊȊǱǡǋǇ ȗǽ ȗǞǋ B� ȊȍǋǇǡǁȗǡǽǷȐ Ǘǽȍ ȗǞǋ ǶƲǷΘ ȊȍǽǁǋȐȐǋȐ ǁǽǷȐǡǇॺ

ǋȍǋǇ ǡǷ ȗǞǡȐ ƲǷƲǱΘȐǡȐल $ǱƲȗ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ʋȍǋ ƲȊȊǱǡǋǇ ȗǽ ȐǋΑǋȍƲǱ ȊȍǽǶȊȗ ȊȍǽǁǋȐȐǋȐ ȗǞƲȗ ȍǋϱǋǁȗ ȗǞǋ ǱǡǶǡȗǋǇ

ȊȍǋǁǡȐǡǽǷ ȗǽ ΒǞǡǁǞ ǁȍǽȐȐ ȐǋǁȗǡǽǷȐ Ʋȍǋ ǯǷǽΒǷल �ǱȗǋȍǷƲȗǋ ǘǋǷǋȍƲȗǽȍ ƲǷǇ ȊƲȍȗǽǷ ȐǞǽΒǋȍ ƲǱǘǽȍǡȗǞǶȐ Ʋȍǋ

ȚȐǋǇ ȗǽ ǇǋϮǷǋ ƲǇǇǡȗǡǽǷƲǱ ǶǽǇǋǱǡǷǘ ȚǷǁǋȍȗƲǡǷȗǡǋȐल $ǡǷƲǱǱΘळ ȐǁƲǱǋ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ȗǞƲȗ ȐǡǶȚǱȗƲǷǋǽȚȐǱΘ

ΑƲȍΘ ȗǞǋ µR ƲǷǇ µF ȐǁƲǱǋȐ ǗȍǽǶ 1/2× ȗǽ 2× ȗǞǋ ǷǽǶǡǷƲǱ ΑƲǱȚǋ Ʋȍǋ ƲȊȊǱǡǋǇल bǞǋȐǋ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ʋȍǋ

ȐȚǶǶƲȍǡΝǋǇ ǡǷ bƲǀǱǋ ࣊लࣉल

bǞǋ tt̄H ǁȍǽȐȐ ȐǋǁȗǡǽǷ ȚǷǁǋȍȗƲǡǷȗΘ ǡȐ Ȑǋȗ ǡǷ ǱǡǷǋ ΒǡȗǞ ȗǞǋ ǡǷǁǱȚȐǡΑǋ ǁȍǽȐȐ ȐǋǁȗǡǽǷ ǽǗ σ(tt̄H) =

445.7± 51.3 Ǘǀ ǁƲǱǁȚǱƲȗǋǇ Ʋȗ C=HW�� ।ࣁࣆ॥ ΒǞǡǱǋ ǽȗǞǋȍ ǁȍǽȐȐ ȐǋǁȗǡǽǷ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ʋȍǋ Ȑǋȗ ȗǽ ǁǽǷॺ

ȐǋȍΑƲȗǡΑǋ ΑƲǱȚǋȐ ǡǷ ǱǡǷǋ ΒǡȗǞ ǽȗǞǋȍ �b=�[ǶǋƲȐȚȍǋǶǋǷȗȐल �ȍǽȐȐ ȐǋǁȗǡǽǷ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ʋȍǋ Ƿǽȗ ƲȊȊǱǡǋǇ

ȗǽ V V ਭ,$ ƲǷǇ tt̄Z ਭǱǡǘǞȗ ǀǋǁƲȚȐǋ ǇǋǇǡǁƲȗǋǇCȓȣȌǈȇǷ͛ǈȭǷȓȍ $ǈǗȭȓȣȦ C$ॡࢳ Ǘǽȍ ȗǞǋȐǋ ǁǽǶȊǽǷǋǷȗȐ

Ʋȍǋ ϱǽƲȗǋǇ ǡǷ ȗǞǋ ϮȗȐ ȗǽ ǇƲȗƲल /Ƿ ƲǇǇǡȗǡǽǷ ȗǽ U[ ƲǷǇ ȐǁƲǱǋ ȚǷǁǋȍȗƲǡǷȗǡǋȐळ ƲǷ ȚǷǁǋȍȗƲǡǷȗΘ ΑƲȍΘǡǷǘ ȗǞǋ

ࣅࣂ� ȗȚǷǋ ǽǗ ȗǞǋ tt̄Z ȐƲǶȊǱǋ ǡȐ ǁǽǷȐǡǇǋȍǋǇल eǷǁǋȍȗƲǡǷȗǡǋȐ ǽǷ ȗǞǋ U�$ Ȑǋȗ ȚȐǋǇ Ǘǽȍ tt̄W Ʋȍǋ ǁǽǷȐǡǇॺ

ǋȍǋǇ ƲȐ ΒǋǱǱल bǞǋ ΑƲǱȚǋ ǽǗ ȗǞǋ ȐȗȍǽǷǘ ǁǽȚȊǱǡǷǘ ǁǽǷȐȗƲǷȗ ȚȐǋǇ ǡǷ ȗǞǋ U�$ ǡȐ ΑƲȍǡǋǇ ǗȍǽǶ αS = 0.117

ȗǽ α = 0.119 ॠǷǽǶǡǷƲǱǱΘ αs = 0.118ॡ ƲǷǇ ȗǞǋ U�$ Ȑǋȗ ǡȗȐǋǱǗ ǡȐ ǁǞƲǷǘǋǇ ȗǽ ȗǞǋ �bࣅࣂǷǷǱǽ ƲǷǇ

BB,bࣅࣂࣁࣃǷǷǱǽࣉࣇǁǱ U�$ ȐǋȗȐ ǇǋϮǷǡǷǘ ࣃ ȗΒǽॺȐǡǇǋǇ ȚǷǁǋȍȗƲǡǷȗǡǋȐल bǞǡȐ ȊȍǽǁǋǇȚȍǋ ǡȐ ǁǽǷȐǡȐȗǋǷȗ

ΒǡȗǞ ȗǞǋ ȍǋǁǽǶǶǋǷǇƲȗǡǽǷȐ ǽǗ ȗǞǋ �b=�[ UǞΘȐǡǁȐ BǽǇǋǱǡǷǘ %ȍǽȚȊ ǀƲȐǋǇ ǽǷ ।࣊ࣆࣂ॥ल

�Ӊ҇ӂӾӣҲӣচӣӜҟҕҲҩҲҕ eӉҕҟӟӪ҇ҲӉӪҲҟӣ

bǞǋȍǋ Ʋȍǋ Ʋ ǞƲǷǇǗȚǱ ǽǗ ƲǇǇǡȗǡǽǷƲǱ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ȐȊǋǁǡϮǁ ȗǽ ȗǞǋ tt̄W ƲǷƲǱΘȐǡȐ ȐȗȍƲȗǋǘΘ ƲǷǇ ȊǋȍȗƲǡǷ ȗǽ

ȗǞǋ ǶǽǇǋǱǡǷǘ ǽǗ ǗƲǯǋ ǱǋȊȗǽǷȐऴ

ࣃࣆࣂ



7DEOH ���� 6XPPDU\ RI WKHRUHWLFDO XQFHUWDLQWLHV IRU WKH0& SUHGLFWLRQV RI GLIIHUHQW SURFHVVHV� LQFOXGLQJ RYHUDOO

XQFHUWDLQWLHV WR WKH LQFOXVLYH FURVV VHFWLRQ� DOWHUQDWLYH JHQHUDWRU DQG�RU SDUWRQ VKRZHU DOJRULWKP� DQG VFDOH

YDULDWLRQV�

bǞǋǽȍǋȗǡǁƲǱ eǷǁǋȍȗƲǡǷȗǡǋȐ
UȍǽǁǋȐȐ σ ।੆॥ %ǋǷǋȍƲȗǽȍ UƲȍȗǽǷ [ǞǽΒǋȍ µR/µF

tt̄H ± ੆ࣂࣂ B%ࣆ঱҇B�૦C=H UӐӻүҟҪ �ΑǋǷȗ ΒǋǡǘǞȗ
ਭUӾӪүҲ҇ ࣉ ਭ,ҟӟӻҲҪ ࣈ

tt̄Z ± ੆ࣁࣆ − B%ࣆ঱҇B�૦C=H �ΑǋǷȗ ΒǋǡǘǞȗ
ॠਭ {c, b} ǽǷǱΘॡ − ਭ,ҟӟӻҲҪ ࣈ

tt̄W W�� − B%ࣆ঱҇B�૦C=H ਭ UӾӪүҲ҇ ࣉ �ΑǋǷȗ ΒǋǡǘǞȗ
tt̄W �s − B%ࣆ঱҇B�૦C=H ਭ UӾӪүҲ҇ ࣉ �ΑǋǷȗ ΒǋǡǘǞȗ

tt̄ − − UǽΒǞǋǘ −
ਭ,ǋȍΒǡǘ ࣄलࣂलࣈ

V V ਭ ǱǡǘǞȗ ± ੆ࣃ − − �ΑǋǷȗ ΒǋǡǘǞȗ
V V ਭ {c, b} − − − �ΑǋǷȗ ΒǋǡǘǞȗ

V H ± ੆ࣁࣆ − − −
V V V ± ੆ࣁࣄ − − −
ttt ± ੆ࣁࣆ − − −
tt̄tt̄ ± ੆ࣁࣄ − − −

tt̄WW ± ੆ࣁࣆ − − −
tZ ± ੆ࣆ − − −

tWZ ± ੆ࣁࣆ − − −

ࣄࣆࣂ



़ bॺȗǽॺB �ΗȗȍƲȊǽǱƲȗǡǽǷलsǞǡǱǋ ȗǞǋ U=/q ΒǽȍǯǡǷǘ ȊǽǡǷȗȐ Ʋȍǋ ǁƲǱǡǀȍƲȗǋǇळ ȗǞǋȐǋ ǁƲǱǡǀȍƲȗǡǽǷȐ
ǽǷǱΘ ƲȊȊǱΘ ȗǽ ȊȍǽǶȊȗǱΘ ȊȍǽǇȚǁǋǇ ǱǋȊȗǽǷȐल bǞǋ ǋϨǁǡǋǷǁǡǋȐ ǽǗ ǷǽǷॺȊȍǽǶȊȗ ǱǋȊȗǽǷȐ ǡǷ ȗǞǋ
qǋȍΘbǡǘǞȗ ƲǷǇ bǡǘǞȗCǽȗqǋȍΘbǡǘǞȗ ȍǋǘǡǽǷȐ ȐǞǽΒǋǇ Ʋ ǇǡϥǋȍǋǷǁǋ ǽǗ ȚȊ ȗǽ ੆ࣁࣃ Ǘǽȍ ǋǱǋǁȗȍǽǷȐ
ΒǞǡǱǋ ȐǡǶǡǱƲȍ ǋϨǁǡǋǷǁǡǋȐ Ʋȍǋ ȐǋǋǷ Ǘǽȍ ǶȚǽǷȐल Cǽ ȐǞƲȊǋ ǇǋȊǋǷǇǋǷǁǋ ǡȐ ǽǀȐǋȍΑǋǇ ƲȐ Ʋ ǗȚǷǁॺ
ȗǡǽǷ ǽǗ ǱǋȊȗǽǷ pTल � ǁǽǷȐǋȍΑƲȗǡΑǋ ੆ࣁࣃ ǋΗȗȍƲȊǽǱƲȗǡǽǷ ǽǷ ȗǞǋ ȗǽȗƲǱ ǷǽȍǶƲǱǡΝƲȗǡǽǷ ǡȐ ƲȊȊǱǡǋǇ
ǀǋȗΒǋǋǷ ǱǋȊȗǽǷȐ ǡǷ ȗǞǋ ȗΒǽ ΒǽȍǯǡǷǘ ȊǽǡǷȗȐल bǞǡȐ ȚǷǁǋȍȗƲǡǷȗΘ ǡȐ ȐȚǀॺǇǽǶǡǷƲǷȗ Ǘǽȍ ǡǷǁǱȚȐǡΑǋ
ƲǷǇ ǇǡϥǋȍǋǷȗǡƲǱ tt̄W ǶǋƲȐȚȍǋǶǋǷȗȐल

़ �ǽǷΑǋȍȐǡǽǷ �ΗȗȍƲȊǽǱƲȗǡǽǷल qƲǱǡǇƲȗǡǽǷ ȍǋǘǡǽǷȐ Ʋȍǋ ǇǋϮǷǋǇ ȗǞƲȗ Ʋȍǋ ǋǷȍǡǁǞǋǇ ǡǷ ǡǷȗǋȍǷƲǱ ǁǽǷॺ
ΑǋȍȐǡǽǷȐळ ǶƲȗǋȍǡƲǱ ǁǽǷΑǋȍȐǡǽǷȐ ǡǷ ȗǞǋ ǀƲȍȍǋǱ ȍǋǘǡǽǷळ ƲǷǇ ǶƲȗǋȍǡƲǱ ǁǽǷΑǋȍȐǡǽǷȐ ǡǷ ȗǞǋ ǋǷǇॺǁƲȊ
ȍǋǘǡǽǷȐल �Ǘȗǋȍ ϮȗȐ ȗǽ ǇƲȗƲ ǡǷ ȗǞǋ �Xळ Ʋ ੆ࣁࣆ ॠࣁࣂ੆ॡ ǷǽǷॺǁǱǽȐȚȍǋ ǡȐ ǽǀȐǋȍΑǋǇ Ǘǽȍ ǡǷȗǋȍǷƲǱ ॠǶƲȗǋॺ
ȍǡƲǱॡ ǁǽǷΑǋȍȐǡǽǷȐल $ǱƲȗ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ΒǡȗǞ ȗǞǋȐǋ ΑƲǱȚǋȐ Ʋȍǋ ƲȊȊǱǡǋǇ Ǘǽȍ ǋΗȗȍƲȊǽǱƲȗǡǽǷ ǽǗ ǁǽǷΑǋȍॺ
ȐǡǽǷ ǋȐȗǡǶƲȗǋȐ ǡǷ ȗǞǋ �X ȗǽ ȗǞǋ [Xल

़ U=/q /ǷȊȚȗ qƲȍǡƲǀǱǋȐल bΒǽ ΑƲȍǡƲǀǱǋȐ ȚȐǋǇ ǡǷ ȗǞǋ U=/q ȗȍƲǡǷǡǷǘ ȐǞǽΒ Ʋ ǷǽǷॺǁǱǽȐȚȍǋ ǀǋȗΒǋǋǷ
ǀǋȐȗॺϮȗ B� ǋȐȗǡǶƲȗǋ ƲǷǇ ǇƲȗƲ ǡǷ ΑƲǱǡǇƲȗǡǽǷ ȍǋǘǡǽǷȐल eǷǁǋȍȗƲǡǷȗǡǋȐ ǽǷǱΘ ƲϥǋǁȗǡǷǘ ȗǞǋ ȐǞƲȊǋ ǽǗ
B� ȗǋǶȊǱƲȗǋȐ ǽǗ ǷǽǷॺȊȍǽǶȊȗ ǱǋȊȗǽǷȐ Ʋȍǋ ƲȊȊǱǡǋǇ Ǘǽȍ ȗǞǋ ȍǋǱƲȗǡΑǋ ǁƲǱǽȍǡǶǋȗǋȍ ǁǱȚȐȗǋȍ ǋǷǋȍǘΘ
EǁǱȚȐȗǋȍ/EǋΗȊ Ǘǽȍ ǶȚǽǷȐ ƲǷǇ ȗǞǋ ǱǋȊȗǽǷ ȗȍƲǁǯ pT ǗȍƲǁȗǡǽǷ pbळ ǱǋȊ/pbळ ȗȍƲǁǯॺǬǋȗ Ǘǽȍ ǋǱǋǁȗȍǽǷȐ ƲǷǇ
Ʋȍǋ ƲȊȊǱǡǋǇ ȗǽ ƲǱǱ ȍǋǘǡǽǷȐल �ǱǱ ǽȗǞǋȍ ΑƲȍǡƲǀǱǋȐ ȐǞǽΒ ǘǽǽǇ ƲǘȍǋǋǶǋǷȗ ΒǡȗǞ ǇƲȗƲ ǡǷ ΑƲǱǡǇƲȗǡǽǷ
ȍǋǘǡǽǷȐल

़ tt̄ ਭ,$ल�Ƿ ȚǷǁǋȍȗƲǡǷȗΘ ǽǗ ੆ࣁࣆ ǡȐ ƲȊȊǱǡǋǇ ȗǽ ȗǞǋ ȊȍǋǇǡǁȗǡǽǷ ǽǗ tt̄ ǡǷ ƲȐȐǽǁǡƲȗǡǽǷ ΒǡȗǞ Ʋȗ ǱǋƲȐȗ
ǽǷǋ ƲǇǇǡȗǡǽǷƲǱ cॺ ǽȍ bॺȌȚƲȍǯ Ǭǋȗ ॠǡǇǋǷȗǡϮǋǇ ȚȐǡǷǘ ȗȍȚȗǞ ǡǷǗǽȍǶƲȗǡǽǷॡल

़ V V Njets XǋΒǋǡǘǞȗǡǷǘल �Ȑ ǶǋǷȗǡǽǷǋǇ ǡǷ [ǋǁȗǡǽǷ ळࣂलࣉ Ʋ ǇƲȗƲॺǇȍǡΑǋǷ ǁǽȍȍǋǁȗǡǽǷ ȗǽ ȗǞǋ
V V ΘǡǋǱǇȐ ǡȐ ǇǋȍǡΑǋǇ ƲȐ Ʋ ǗȚǷǁȗǡǽǷ ǽǗNjets ǀΘ ϮȗȗǡǷǘ ǷǽǷॺǁǱǽȐȚȍǋȐ ǡǷ ȗǞǋNjets ǇǡȐȗȍǡǀȚȗǡǽǷ
ǽǗ Ʋ V V ΑƲǱǡǇƲȗǡǽǷ ȍǋǘǡǽǷ ȗǽ Ʋ 3ॺȊƲȍƲǶǋȗǋȍ ƲǷƲǱΘȗǡǁƲǱ ǗȚǷǁȗǡǽǷल bǞǋ ǀǋȐȗ Ϯȗ ΑƲǱȚǋȐ Ǘǽȍ ȗǞǋȐǋ
ȊƲȍƲǶǋȗǋȍȐ Ʋȍǋ ΑƲȍǡǋǇ ǡǷ ȗǞǋ ȊƲȍƲǶǋȗǋȍȐঌ ǋǡǘǋǷȐȊƲǁǋ ȗǽ ǇǋȍǡΑǋ ȚǷǁǽȍȍǋǱƲȗǋǇ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ǽǷ
ȗǞǋ ȍǋΒǋǡǘǞȗǡǷǘ ȊȍǽǁǋǇȚȍǋल bǞǋȐǋ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ʋȍǋ ȐȚǀǇǽǶǡǷƲǷȗळ Ȑǽ Ʋ ǁǽǷȐǋȍΑƲȗǡΑǋ ǗƲǁȗǽȍ ࣄ ǡȐ
ƲȊȊǱǡǋǇ ΒǡȗǞǽȚȗ ƲϥǋǁȗǡǷǘ ȗǞǋ ƲǷƲǱΘȐǡȐ ȐǋǷȐǡȗǡΑǡȗΘल

ࣅࣆࣂ



࣊ঢࣆ UӟӐҩҲӂҟ =ҲҿҟӂҲүӐӐқ $Ӑӟӈ҇ӂҲӣӈ

�ΑǋȍΘ ࣆࣃ ǷƲǷǽȐǋǁǽǷǇȐळ ȗǞǋ =,� ȐƲǶȊǱǋȐ ȊȍǽǀƲǀǡǱǡȗΘ ǇǡȐȗȍǡǀȚȗǡǽǷ ǗȚǷǁȗǡǽǷȐ ΒǞǽȐǋ ǇǽǶƲǡǷ ǡȐ Ʋ

ǞǡǘǞॺǇǡǶǋǷȐǡǽǷƲǱ ȊǞƲȐǋ ȐȊƲǁǋ ǽΑǋȍ ȊǽȐȐǡǀǱǋ ϮǷƲǱ ȐȗƲȗǋ ȊƲȍȗǡǁǱǋ ǯǡǷǋǶƲȗǡǁȐल [ǡǷǁǋ ǁǽǱǱǡȐǡǽǷȐ Ʋȍǋ ǡǷॺ

ǇǋȊǋǷǇǋǷȗࣉळ ȗǞǋ ǇƲȗƲ ǡȐ Ʋ ȐƲǶȊǱǋ ǽǗ ȍǋȊǋƲȗǋǇ ǡǇǋǷȗǡǁƲǱ ǶǋƲȐȚȍǋǶǋǷȗȐ ǽǗ Ʋ ȊǽȊȚǱƲȗǡǽǷ ǇǡȐȗȍǡǀȚȗǡǽǷ

ǇǋȗǋȍǶǡǷǋǇ ǀΘ ȗǞǋ ȗǞǋ [ȗƲǷǇƲȍǇBǽǇǋǱल � ȊȍǽǇȚǁȗǡǽǷ ǁȍǽȐȐ ȐǋǁȗǡǽǷ ǁƲǷ ǀǋ ǡǷǗǋȍȍǋǇ ȗǞȍǽȚǘǞ ƲǷ ǋΑǋǷȗ

ǁǽȚǷȗǡǷǘ ǋΗȊǋȍǡǶǋǷȗल UȍǡǷǁǡȊǱǋȐ ǽǗ ȐȗƲȗǡȐȗǡǁƲǱ ǡǷǗǋȍǋǷǁǋ ǡǷ ,�U ǋΗȊǋȍǡǶǋǷȗȐ Ʋȍǋ ǁǽΑǋȍǋǇ ǡǷ ǇǋȗƲǡǱ ǀΘ

�ǽΒƲǷ ।ࣁࣇࣂ॥ ƲǷǇ ȊȍƲǁȗǡǁƲǱǱΘ ǀΘ �ȍƲǷǶǋȍ ।ࣂࣇࣂ॥ल

bǞǋ tt̄W ǶǋƲȐȚȍǋǶǋǷȗ ॠƲǷǇ ǶƲǷΘ ǽȗǞǋȍȐ ȊǋȍǗǽȍǶǋǇ ǀΘ �b=�[ॡ ȍǋǱǡǋȐ ǽǷ ȗǞǋ ȊȍǽϮǱǋ ǱǡǯǋǱǡǞǽǽǇ

ǗǽȍǶƲǱǡȐǶळ ǡǷ ΒǞǡǁǞ Ʋ ǱǡǯǋǱǡǞǽǽǇ ǗȚǷǁȗǡǽǷ ǡȐ ǇǋϮǷǋǇ ȗǽ ȍǋȊȍǋȐǋǷȗ ȗǞǋ ȊȍǽǀƲǀǡǱǡȗΘ ǽǗ ǞƲΑǡǷǘ ǶǋƲȐȚȍǋǇ

Ʋ ǘǡΑǋǷ ǇƲȗƲȐǋȗ ƲȐ Ʋ ǗȚǷǁȗǡǽǷ ǽǗ ȊƲȍƲǶǋȗǋȍȐ ȗǞƲȗ ǶǽǇǡǗΘ ȗǞǋ ȗǞǋǽȍǋȗǡǁƲǱ ǞΘȊǽȗǞǋȐǡȐल bǞǋȐǋ ȊƲȍƲǶǋȗǋȍȐ

ǡǷǁǱȚǇǋ ȗǞǽȐǋ ȗǞƲȗ ȗǞǋ ƲǷƲǱΘΝǋȍ ΒǽȚǱǇ Ǳǡǯǋ ȗǽ ǶǋƲȐȚȍǋळ ǁƲǱǱǋǇ UǈȣǈȌǡȭǡȣ ȓǭ /ȍȭǡȣǡȦȭ UH/ॡळࢳ ƲǷǇ ȗǞǽȐǋ

ȗǞƲȗ Ʋϥǋǁȗ ȗǞǋ ȊȍǋǇǡǁȗǡǽǷ ǀȚȗ Ʋȍǋ Ƿǽȗ ǽǗ ǡǷȗǋȍǋȐȗळ ǁƲǱǱǋǇCȰǷȦǈȍǗǡ UǈȣǈȌǡȭǡȣ CUॡलࢳ $ǽȍ ƲǷ ǡǷǁǱȚȐǡΑǋ

ǶǋƲȐȚȍǋǶǋǷȗ ǽǗ Ʋ ȐǡǘǷƲǱ ȊȍǽǁǋȐȐ ΒǡȗǞ ȊȍǋǇǡǁȗǋǇ ΘǡǋǱǇȐ Siळ ǀƲǁǯǘȍǽȚǷǇ ΘǡǋǱǇȐBiळ ƲǷǇ ǽǀȐǋȍΑǋǇ ǇƲȗƲ

ni ॠΒǡȗǞ i ǡǷǇǋΗǡǷǘ ǀǡǷȐॡळ ȗǞǋ Ƞȣȓχȇǡ ȇǷȅǡȇǷǴȓȓǝ ǡȐ ǇǋϮǷǋǇ ƲȐ

L(n|µ,θ) =
∏

i∈ ǀǡǷȐ

P (ni| [µSi(θ) +Bi(θ)] γi)× G (γi|1, δi)×
∏

j∈ ȐΘȐȗ

G
(
θj |θ0j ,∆θj

)
ॠ࣊लࣅॡ

ΒǞǋȍǋ µ ǡȐ ȗǞǋ ȦǷǮȍǈȇ ȦȭȣǡȍǮȭǴ UH/ ƲǷǇ δi ǡȐ ȗǞǋ ȗǽȗƲǱ ȚǷǁǋȍȗƲǡǷȗΘ ǽǷ ȗǞǋ B� ǋȐȗǡǶƲȗǋ ǡǷ ǀǡǷ iल bǞǋȍǋ

Ʋȍǋ ȐǋΑǋȍƲǱ ǀƲȐǡǁ ǁǽǶȊǽǷǋǷȗȐ ǽǗ �ȌȚƲȗǡǽǷ ࣊लࣅळ ȗǞǋ ϮȍȐȗ ǀǋǡǷǘ ȗǞǋ ȚȐǋ ǽǗ ȗǞǋ UǽǡȐȐǽǷ ƲǷǇ %ƲȚȐȐǡƲǷ

�ƲǁǯॺȗǽॺǀƲǁǯࣉ ǀȚǷǁǞ ǁȍǽȐȐǡǷǘȐ ǁƲǷ ǀǋǁǽǶǋ ǁǽȍȍǋǱƲȗǋǇ ǇȚǋ ȗǽ ǋϥǋǁȗȐ Ǳǡǯǋ ǽȚȗॺǽǗॺȗǡǶǋ ȊǡǱǋȚȊळ ǀȚȗ ǶǽȐȗ
ǡǷȗǋȍǋȐȗǡǷǘ ȊȍǽǁǋȐȐǋȐ Ʋȍǋ Ȑǽ ȍƲȍǋ ȗǞƲȗ ȗǞǋ ȗǡǶǋ ǀǋȗΒǋǋǷ ǋΑǋǷȗȐ ȊƲȐȐǡǷǘ ƲǱǱ ƲǷƲǱΘȐǡȐ ȐǋǱǋǁȗǡǽǷȐ ǡȐ ǱƲȍǘǋ ǋǷǽȚǘǞ ȗǽ
ȍǋǶǽΑǋ ƲǷΘ ǁǽȍȍǋǱƲȗǡǽǷȐ ǇȚǋ ȗǽ Ǉǋȗǋǁȗǽȍ ǁǽǷǇǡȗǡǽǷȐल

ࣆࣆࣂ



ȊȍǽǀƲǀǡǱǡȗΘ ǇǡȐȗȍǡǀȚȗǡǽǷȐऴ

P(n|λ) = λne−λ

n!

G(x|µ,σ) = 1

σ
√
2π

exp

(
−1

2

(x− µ)2

σ2

) ॠ࣊लࣆॡ

bǞǋ ȊȍǋǇǡǁȗǡǽǷȐ Si ƲǷǇBi ȗǞǋǶȐǋǱΑǋȐ ǇǋȊǋǷǇ ǽǷ ȗǞǋ CU θ ƲǷǇ γल /ǷȐȗȍȚǶǋǷȗƲǱ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ȗΘȊॺ

ǡǁƲǱǱΘ ȗƲǯǋ ǷǽǶǡǷƲǱ ΑƲǱȚǋ θ0j = 0 ƲǷǇ∆θj = 1 ƲǷǇ ȗǞǋ ǁǽǷȗǡǷȚǽȚȐ ǇǋȊǋǷǇǋǷǁǋ S(θj)࣊ ǡȐ Ǉǋȗǋȍॺ

ǶǡǷǋǇ ǀΘ ǡǷȗǋȍȊǽǱƲȗǡǷǘ ƲǷǇ ǋΗȗȍƲȊǽǱƲȗǡǷǘ ǀǋȗΒǋǋǷ S(θ0j ) ƲǷǇ S(θ0i ±∆θj)ल bǞǋ ǱǡǯǋǱǡǞǽǽǇ ǇǋϮǷǋǇ

Ǘǽȍ ȗǞǋ tt̄W ǶǋƲȐȚȍǋǶǋǷȗ ȚȐǋȐ ǱǡǷǋƲȍ ǡǷȗǋȍȊǽǱƲȗǡǽǷ ॠȐǋǋ $ǡǘȚȍǋ ࣇ ǽǗ ।ࣂࣇࣂ॥ Ǘǽȍ ǋΗƲǶȊǱǋȐॡल bǞǋ CU ǁƲǷ

ƲǱȐǽ ȗƲǯǋ ȗǞǋ ǗǽȍǶ ǽǗ ǗȍǋǋǱΘ ϱǽƲȗǡǷǘ ǷǽȍǶƲǱǡΝƲȗǡǽǷ ǗƲǁȗǽȍȐ ƲȊȊǱǡǋǇ ȗǽ ǀƲǁǯǘȍǽȚǷǇ ΘǡǋǱǇȐळ ΒǞǡǁǞ Ʋȍǋ

Ƿǽȗ ǁǽǷȐȗȍƲǡǷǋǇ ǡǷ ȗǞǋ ǱǡǯǋǱǡǞǽǽǇल bǞǋ S ƲǷǇB ȊȍǋǇǡǁȗǡǽǷȐ Ʋȍǋ ǘǋǷǋȍƲȗǋǇ ǗȍǽǶB� ȐƲǶȊǱǋȐ ΒǡȗǞ

ǷǽǷΝǋȍǽ ȐȗƲȗǡȐȗǡǁƲǱ ȚǷǁǋȍȗƲǡǷȗΘल bǞǋ ȊǽȐȐǡǀǱǋ ΑƲȍǡƲȗǡǽǷ ǽǗ ȗǞǋ ȗȍȚǋ ΘǡǋǱǇȐ ΒǡȗǞǡǷ ȗǞǋ ȗǽȗƲǱ B� ȐȗƲȗǡȐȗǡॺ

ǁƲǱ ȚǷǁǋȍȗƲǡǷȗΘ ǡȐ ǞƲǷǇǱǋǇ ǀΘ ȗǞǋ γi ȊƲȍƲǶǋȗǋȍȐ ƲȊȊǱǡǋǇ Ǘǽȍ ǋƲǁǞ ǀǡǷळ Ʋ ȐǡǶȊǱǡϮǋǇ ǡǶȊǱǋǶǋǷȗƲȗǡǽǷ ǽǗ

ȗǞǋ �ƲȍǱǽΒॺ�ǋǋȐȗǽǷ ǶǋȗǞǽǇ ।ࣃࣇࣂ॥ल

bǞǋ ǀǋȐȗॺϮȗ ΑƲǱȚǋȐ ǽǗ µळ θळ ƲǷǇ γ Ʋȍǋ ǽǀȗƲǡǷǋǇ ȐǡǶȚǱȗƲǷǋǽȚȐǱΘ ȚȐǡǷǘ ȗǞǋBǈ͕ǷȌȰȌ =ǷȅǡȇǷǴȓȓǝ

�ȦȭǷȌǈȭǡ B=�ॡळࢳ ΒǞǋȍǋL ǡȐ ǡǶȊǱǋǶǋǷȗǋǇ ǡǷ XӐӐ$ҲӪ ।ࣄࣇࣂ॥ ƲǷǇ ǶƲΗǡǶǡΝǋǇ ȚȐǡǷǘ BҲӉӮҲӪ ।ࣅࣇࣂ॥ळ

ƲǱǱ ǡǷȗǋȍǗƲǁǋǇ ȚȐǡǷǘ ȗǞǋ ǞǡǘǞॺǱǋΑǋǱ ΒȍƲȊȊǋȍ bX�ӽ$ҲӪӪҟӟ ।ࣆࣇࣂ॥ल bǞǋ ǇǋΑǡƲȗǡǽǷȐ ǽǗ ȗǞǋ ǀǋȐȗ Ϯȗ ΑƲǱॺ

ȚǋȐ ǽǗ CUȐ Ʋȍǋ ȍǋǗǋȍȍǋǇ ȗǽ ƲȐ ȠȰȇȇȦल bǞǋ ǁǽΑƲȍǡƲǷǁǋ ǽǗ ȗǞǋ ǱǡǯǋǱǡǞǽǽǇ ȊƲȍƲǶǋȗǋȍȐ ǡȐ ǋȐȗǡǶƲȗǋǇ ǀΘ ȗǞǋ

,ҟӣӣҟ ƲǱǘǽȍǡȗǞǶळ ΒǞǡǁǞ ǁƲǱǁȚǱƲȗǋȐ ȗǞǋ ,ǋȐȐǡƲǷ ǶƲȗȍǡΗऴ

Σ̂−1
αiαj

= −∂
2 logL(n|α)

∂αi∂αj

∣∣∣∣
α=α̂

ॠ࣊लࣇॡ

࣊bǞǋ ȐƲǶǋ ȊȍǽǁǋǇȚȍǋ ǡȐ ȚȐǋǇ ȗǽ ǇǋȗǋȍǶǡǷǋB(θj)

ࣇࣆࣂ



bǞǋȍǋ Ʋȍǋ ȗΒǽ ȊȍǡǶƲȍΘ ΒƲΘȐ ȗǽ ȌȚƲǷȗǡǗΘ ȗǞǋ ǁǽǷȗȍǡǀȚȗǡǽǷ ǽǗ ǡǷǇǡΑǡǇȚƲǱ ȐΘȐȗǋǶƲȗǡǁ ȚǷǁǋȍȗƲǡǷȗǡǋȐ

ȗǽ ȗǞǋ ȗǽȗƲǱ ȚǷǁǋȍȗƲǡǷȗΘ ǽǷ µल bǞǋ ϮȍȐȗ ǡȐ ȍǋǗǋȍȍǋǇ ȗǽ ƲȐ ȗǞǋ ǮȣȓȰȠǡǝ ǷȌȠǈǗȭ ǶǋȗǞǽǇळ ǡǷ ΒǞǡǁǞ ȗǞǋ

ǗȚǱǱ Ϯȗ ǡǷǁǱȚǇǡǷǘ ƲǱǱ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ǡȐ ȊǋȍǗǽȍǶǋǇ ȗǽ ǽǀȗƲǡǷ ȗǞǋ ȗǽȗƲǱ ȚǷǁǋȍȗƲǡǷȗΘ ǽǷ µ̂ळ σȗǽȗƲǱल $ǽȍ ǋƲǁǞ

ǘȍǽȚȊ ǽǗ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ॠǋलǘल ƲǱǱ :�X ȐΘȐȗǋǶƲȗǡǁȐॡ ȗǞǋ ǁǽȍȍǋȐȊǽǷǇǡǷǘ CU Ʋȍǋ ϮΗǋǇ ȗǽ ȗǞǋ ǀǋȐȗ Ϯȗ ΑƲǱȚǋ

ƲǷǇ ȗǞǋ Ϯȗ ǡȐ ȊǋȍǗǽȍǶǋǇ ƲǘƲǡǷ ȗǽ ǽǀȗƲǡǷ σȊƲȍȗǡƲǱल bǞǋ ȚǷǁǋȍȗƲǡǷȗΘ ǽǗ ȗǞƲȗ ǘȍǽȚȊ ǽǗ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ǡȐ

ǋȐȗǡǶƲȗǋǇ ǀΘ σ:�X =
√
σ2ȗǽȗƲǱ − σ2ȊƲȍȗǡƲǱल bǞǡȐ ǡȐ ƲǷ ƲȊȊȍǽΗǡǶƲȗǋ ǶǋȗǞǽǇळ ƲȐ ȗǞǋ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ǡǷ ȗǞǋ

ǶǽǇǡϮǋǇ Ϯȗ Ʋȍǋ ǗȍǽǶ ǁǽǷǇǡȗǡǽǷƲǱ ǶƲΗǡǶȚǶ ǱǡǯǋǱǡǞǽǽǇ ǋȐȗǡǶƲȗǋȐ ȍƲȗǞǋȍ ȗǞƲǷ ȗǞǋ ǗȚǱǱΘ ȚǷǁǽǷǇǡȗǡǽǷƲǱ

ǋȐȗǡǶƲȗǋ ƲǷǇ ǡǷ ǋƲǁǞ Ϯȗळ ȗǞǋ ǁǽǶǶǽǷ ȊƲȍƲǶǋȗǋȍȐ ǶƲΘ Ƿǽȗ ǁǽǷΑǋȍǘǋ ȗǽ ǋΗƲǁȗǱΘ ȗǞǋ ȐƲǶǋ ΑƲǱȚǋल /Ǘ Ʋ

ȊƲȍȗǡǁȚǱƲȍ ǘȍǽȚȊ ǽǗ ȐΘȐȗǋǶƲȗǡǁȐ ǞƲȐ Ʋ ΑǋȍΘ ȐǶƲǱǱ ǁǽǷȗȍǡǀȚȗǡǽǷ ȗǽ σȗǽȗƲǱळ ȗǞǋ %ƲȚȐȐǡƲǷ ƲȊȊȍǽΗǡǶƲȗǡǽǷ

ǶƲΘ ǗƲǡǱ ƲȐ ȗǞǋ ȌȚƲǷȗǡȗΘ ȚǷǇǋȍ ȗǞǋ ȍƲǇǡǁƲǱ ǶƲΘ ǀǋ ǷǋǘƲȗǡΑǋल

bǞǋ ȐǋǁǽǷǇ ǶǋȗǞǽǇ ǀΘ ΒǞǡǁǞ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ʋȍǋ ǋΑƲǱȚƲȗǋǇ ǡȐ ǁƲǱǱǋǇ ȍȰǷȦǈȍǗǡ ȠǈȣǈȌǡȭǡȣ ȣǈȍȅǷȍǮ

ƲǷǇ ƲǱǱǽΒȐ Ʋ Ƕǽȍǋ ϮǷǋॺǘȍƲǡǷǋǇ ȐȊǱǡȗȗǡǷǘ ǽǗ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ǀȚȗ ȊǋȍȗȚȍǀȐ ȗǞǋ Ϯȗ Ƕǽȍǋ ȐǋΑǋȍǋǱΘ ȗǞƲǷ

ȗǞǋ ǘȍǽȚȊǋǇ ǡǶȊƲǁȗ ǶǋȗǞǽǇल $ǽȍ ǋƲǁǞ CUळ Ʋ ȊȍǋॺϮȗ ॠȊǽȐȗॺϮȗॡ ǶǋƲǷ ƲǷǇ ȚǷǁǋȍȗƲǡǷȗΘ Ʋȍǋ ǘǡΑǋǷ ǀΘ

θ0i
+∆θ+
∆θi

ॠθ̂i
+∆̂θ+
∆̂θi

ॡࣁࣂल � ǁǽǷǇǡȗǡǽǷƲǱ B=� ˆ̂µ± ǡȐ ǽǀȗƲǡǷǋǇ ǀΘ ϮΗǡǷǘ θi = θ̂i ± ∆θ±ळ ƲǷǇ ȗǞǋ ȊȍǋॺϮȗ

ॠȊǽȐȗॺϮȗॡ ǡǶȊƲǁȗ ǽǗ CU θj Ʋȍǋ ǁƲǱǁȚǱƲȗǋǇ ƲȐ∆µ± = ˆ̂µ± − µ̂ल CȚǡȐƲǷǁǋ ȊƲȍƲǶǋȗǋȍȐ ǁƲǷ ȗǞǋǷ ǀǋ

ȍƲǷǯǋǇ ǀΘ ȗǞǋǡȍ ǡǶȊƲǁȗ ǽǷ µल bǞǡȐ ǶǋȗǞǽǇ ǡǷΑǽǱΑǋȐ ȊǋȍǗǽȍǶǡǷǘ ࣃ ǽȍ ࣅ ǱǡǯǋǱǡǞǽǽǇ ǶǡǷǡǶǡΝƲȗǡǽǷȐ Ǘǽȍ

ǋƲǁǞ ǷȚǡȐƲǷǁǋ ȊƲȍƲǶǋȗǋȍळ ΒǞǡǁǞ ǡȐ ΑǋȍΘ ǁǽǶȊȚȗƲȗǡǽǷƲǱǱΘ ǋΗȊǋǷȐǡΑǋल $ǽȍ ǱƲȍǘǋ ȚǷǁǋȍȗƲǡǷȗǡǋȐळ ϮΗǡǷǘ ȗǞǋ

ǁǽȍȍǋȐȊǽǷǇǡǷǘ CU ȗǽ ǡȗȐ ΑƲȍǡƲȗǡǽǷȐ ǶƲΘ ȍǋȐȚǱȗ ǡǷ ȗǞǋ Ϯȗ ǁǽǷΑǋȍǘǡǷǘ ȗǽ Ʋ ǇǡϥǋȍǋǷȗ ǱǽǁƲǱ ǶǡǷǡǶȚǶ ƲǷǇ

Ȑǽ ǁƲǷ ǀǋ ȚǷȍǋǱǡƲǀǱǋ Ǘǽȍ ϮȗȐ ΒǡȗǞ ǶƲǷΘ UH/ल bǞǋ tt̄W ǇǡϥǋȍǋǷȗǡƲǱ ǶǋƲȐȚȍǋǶǋǷȗ ΒǡǱǱ ȗǞǋȍǋǗǽȍǋ ǽǷǱΘ

ȚȐǋ ȗǞǋ ǘȍǽȚȊǋǇ ǡǶȊƲǁȗ ǶǋȗǞǽǇ ȗǽ ǋΑƲǱȚƲȗǋ ȐΘȐȗǋǶƲȗǡǁ ȚǷǁǋȍȗƲǡǷȗǡǋȐल

ǡǷǁǋ]ࣁࣂ ǗȍǋǋॺϱǽƲȗǡǷǘ ǷǽȍǶƲǱǡΝƲȗǡǽǷ ǗƲǁȗǽȍȐ Ʋȍǋ Ƿǽȗ ǁǽǷȐȗȍƲǡǷǋǇ ǡǷ ȗǞǋ ǱǡǯǋǱǡǞǽǽǇ ǗȚǷǁȗǡǽǷळ ȗǞǋȍǋ ǡȐ ǽǷǱΘ Ʋ
ȊǽȐȗॺϮȗ ȚǷǁǋȍȗƲǡǷȗΘ ǋȐȗǡǶƲȗǋ

ࣈࣆࣂ
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�ǡϥǋȍǋǷȗǡƲǱ �ȍǽȐȐ [ǋǁȗǡǽǷBǋƲȐȚȍǋǶǋǷȗȐ

bǞǋ ǘǽƲǱ ǽǗ ƲǷΘ ǶǋƲȐȚȍǋǶǋǷȗ ǡȐ ȗǽ ǋΗȗȍƲǁȗ ȭȣȰȭǴ࣊ȇǡ͏ǡȇ ǁȍǽȐȐ ȐǋǁȗǡǽǷȐ ǁǽǶȊȚȗǋǇ ǀΘ ȗǞǋǽȍǡȐȗȐळ ΒǞǡǱǋ

ȗǞǋ ƲǷƲǱΘΝǋǇ ǇƲȗƲ ǁǽǶǋȐ ǗȍǽǶ ȗǞǋ ǁǽǷΑǽǱȚȗǡǽǷ ǽǗ ȗǞǋ ȊǞΘȐǡǁȐ ǽǗ ǡǷȗǋȍǋȐȗ ƲǷǇ Ǉǋȗǋǁȗǽȍ ǋϥǋǁȗȐल bǞǋ

ǇƲȗƲ Ʋȗ ȗǞǋ ǝǡȭǡǗȭȓȣ࣊ȇǡ͏ǡȇ ǡǷǁǱȚǇǋȐ ǋϨǁǡǋǷǁΘळ ƲǁǁǋȊȗƲǷǁǋळ ƲǷǇ ȍǋȐǽǱȚȗǡǽǷ ǋϥǋǁȗȐल �Ƿ ǡǷǁǱȚȐǡΑǋ ǁȍǽȐȐ

ȐǋǁȗǡǽǷ ǁƲǷ ǀǋ ǋΗȗȍƲǁȗ ȐǡǶȊǱΘ ǗȍǽǶ ȗǞǋ ȐǡǘǷƲǱ ȐȗȍǋǷǘȗǞ Ϯȗ ȗǽ ǇƲȗƲळ ƲȐ ȐΘȐȗǋǶƲȗǡǁ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ǁƲǷ

ƲǁǁǽȚǷȗ Ǘǽȍ ȐǡǘǷƲǱ ǋϨǁǡǋǷǁΘ ƲǷǇ ƲǁǁǋȊȗƲǷǁǋ ǋϥǋǁȗȐ ƲǶǽǷǘ ƲǷƲǱΘȐǡȐ ȍǋǘǡǽǷȐल �ǇǇǡȗǡǽǷƲǱ Ǉǋȗǋǁȗǽȍ

ȍǋȐǽǱȚȗǡǽǷ ǋϥǋǁȗȐ ǽǗ ƲǷ ǽǀȐǋȍΑƲǀǱǋOǶȚȐȗ ǀǋ ǶǽǇǋǱǋǇ ΒǞǋǷ ǶǋƲȐȚȍǡǷǘ ȗǞǋ ǇǡϥǋȍǋǷȗǡƲǱ ȊȍǽǇȚǁȗǡǽǷ

ǁȍǽȐȐ ȐǋǁȗǡǽǷ dσ/dOल bǞǋ ȊȍǽǁǋǇȚȍǋ Ǘǽȍ ǇǋǁǽǷΑǽǱΑǡǷǘ Ǉǋȗǋǁȗǽȍ ǋϥǋǁȗȐ ǗȍǽǶ ǇƲȗƲ ȗǽ ǽǀȗƲǡǷ dσ/dO

ࣉࣆࣂ



Ʋȗ ȗǞǋ ȗȍȚȗǞॺǱǋΑǋǱ ǡȐ ǁƲǱǱǋǇ ȰȍǭȓȇǝǷȍǮल $ǡǘȚȍǋ ࣂलࣁࣂ ǘǡΑǋȐ Ʋ ȊǡǁȗǽȍǡƲǱ ȍǋȊȍǋȐǋǷȗƲȗǡǽǷ ǽǗ ȗǞǋ ȚǷǗǽǱǇǡǷǘ

ȊȍǽǁǋǇȚȍǋ Ǘǽȍ tt̄ल �Ƿ ȚǷǗǽǱǇǋǇ dσ/dO ǁƲǷ ǀǋ ǇǡȍǋǁȗǱΘ ǁǽǶȊƲȍǋǇ ΒǡȗǞ ǶǋƲȐȚȍǋǶǋǷȗȐ ǽǀȗƲǡǷǋǇ ǗȍǽǶ

ǽȗǞǋȍ ǋΗȊǋȍǡǶǋǷȗȐ ॠǋलǘल �B[ॡ ƲǷǇ ΒǡȗǞ ȗǞǋǽȍǋȗǡǁƲǱ ȊȍǋǇǡǁȗǡǽǷȐल

�ǞƲȊȗǋȍ ࣊ ƲȍǘȚǋǇ ȗǞƲȗ ȗǞǋ ǇƲȗƲॺǇȍǡΑǋǷBƲȗȍǡΗ BǋȗǞǽǇ Ǘǽȍ ǗƲǯǋ ǱǋȊȗǽǷ ǋȐȗǡǶƲȗǡǽǷ ǡȐ ǡǱǱॺȐȚǡȗǋǇ

Ǘǽȍ ȗǞǋ tt̄W ǶǋƲȐȚȍǋǶǋǷȗ ǀǋǁƲȚȐǋ ǡȗ ǡȐ ǇǡϨǁȚǱȗ ȗǽ ǁǽǷȐȗȍȚǁȗ Ʋ �X ǇǋȊǱǋȗǋǇ ǡǷ tt̄W ǋΑǋǷȗȐ ॠࣆࣃ੆

ǁǽǷȗƲǶǡǷƲȗǡǽǷ ǡȐ ƲǁǞǡǋΑǋǇ ǡǷ ȗǞǋ ƲǷƲǱΘȐǡȐ ǇǋΑǋǱǽȊǶǋǷȗॡल bǞǋBB ǡȐ ƲǱȐǽ Ʋ ǶȚǱȗǡॺȐȗǋȊ ȊȍǽǁǋǇȚȍǋ

ǡǷ ΒǞǡǁǞ ॡࣂ ȗǞǋ ǗƲǯǋ ȍƲȗǋȐ Ʋȍǋ ǋȐȗǡǶƲȗǋǇ ǡǷ Ʋ �X ΒǡȗǞ ϮΗǋǇ tt̄W ΘǡǋǱǇ ƲǷǇ ॡࣃ ȗǞǋ ȍƲȗǋȐ Ʋȍǋ ƲȊȊǱǡǋǇ

ȗǽ ȗǞǋ [Xल /Ǘ ȗǞǋ tt̄W ȐǡǘǷƲǱ ȐȗȍǋǷǘȗǞ ǡȐ ȊȚǱǱǋǇ ƲΒƲΘ ǗȍǽǶ ȗǞǋ ǷǽǶǡǷƲǱ ΑƲǱȚǋळ ȗǞǋ ǗƲǯǋ ȍƲȗǋ ǶȚȐȗ ǀǋ

ȍǋǁƲǱǁȚǱƲȗǋǇल bǞǋ ȗǋǶȊǱƲȗǋ Ϯȗ ǶǋȗǞǽǇ ȗǞǋȍǋǗǽȍǋ ȍǋǱǡǋΑǋȐ ȗΒǽ ƲǡǱǶǋǷȗȐऴ tt̄W ǁǽǷȗƲǶǡǷƲȗǡǽǷ ǡǷ ȗǞǋ

�XȐ Ʋȍǋ ȍǋǇȚǁǋǇ ǀΘ ȚȐǡǷǘ ȗǞǋ U=/q ǇǡȍǋǁȗǱΘ ǡǷ ȗǞǋǡȍ ǇǋϮǷǡȗǡǽǷ ƲǷǇ ȗǞǋ ǗƲǯǋ ǀƲǁǯǘȍǽȚǷǇ ƲǷǇ tt̄W

ǷǽȍǶƲǱǡΝƲȗǡǽǷȐ ǁƲǷ ǀǋ Ϯȗ ȗǽ ǇƲȗƲ ȦǷȌȰȇȭǈȍǡȓȰȦȇ͖लIN2P3 School Of Statistics, Autrans
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Figure 3. Scheme of evolution of the measurement of the invariant mass of the top-antitop quark system. The
predicted mass distribution (left, Figure (10, right) in Ref. [5] (shown with the inclusion of theoretical uncertain-
ties) for events featuring top-antitop quarks produced in

√
s = 7 TeV pp collisions at the LHC is reconstructed

(right, Figure 1(a) from Ref. [6] ) after the top quark decay products are measured by the ATLAS detector (mid-
dle, image from Ref. [7] ). A diagram from Ref. [8] shows the final state partons from the top quark decay at
leading order. The names of the figures are those by which they appear in the references.

be assessed for consistency, bias, efficiency, and robustness [11, 12]. If f (y, a) exists such that it is a
prediction for f (y) expressed as a function of a set of parameters (a 1,..,aP), the convolution of f (y, a)
with K(s, y) can be compared with the observed distribution g(s) to extract the parameter vector a
from the data (for instance by means of a fit) and provide a complete description of f (y). However
if no parametrized prediction for f (y) exists (as it is often the case), different techniques need to be
used to estimate f (y) from g(s). Operatively the measurements that sample g(s) are limited in number
and affected by biases, inefficiency and imperfect resolution, so a discretized version of the integral
equation 1 is used and a limited number of ingredients define the unfolding problem [ 13].

In the very common one dimensional case where both y and s are real variables, the measured
distribution is approximated by the histogram representing the values ν i, the expected number of
counts in a given interval of s according to the definition

νi =

∫ si

si−1

g(s)ds (2)

where the interval of definition for s is divided in N sub-intervals by a set of (s 1,...,sN) values and
any integral of g(s) over a specified sub-interval provides the total number of observed events in that
sub-interval.

In a similar manner the true distribution is approximated by a histogram. The range of the allowed
values for y is also divided in M sub-intervals by a set of (y1,...,yM) values and the expected number
of counts in one of the sub-intervals is defined as

µ j =

∫ y j

y j−1

f (y)dy (3)

The integral kernel K(s, y) from Equation 1 is approximated by a response matrix R(i, j) repre-
senting the probability that an event with a value of the y variable in bin j is observed as an event with

03002-p.3
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)LJXUH ����� ([DPSOH RI WKH XQIROGLQJ SULQFLSOH� dσ/dMtt̄ LV NQRZQ WR 1/2�11//� EXW LWV WUXH IRUP LV FRQ�

YROYHGZLWK GHWHFWRU HIIHFWV WR SURGXFHPHDVXUHDEOH GDWD� 7KH LQYHUVLRQ RI WKH JUD\ DUURZV LV FDOOHG XQIROGLQJ�

eǷǗǽǱǇǡǷǘ ǗƲǱǱȐ ǡǷȗǽ ȗǞǋ ǁǱƲȐȐ ǽǗ ǡǷΑǋȍȐǋ ȊȍǽǀǱǋǶȐ ǘǋǷǋȍƲǱǱΘ ǗȍƲǶǋǇ ƲȐ ȐǽǱΑǡǷǘ Ʋ $ȍǋǇǞǽǱǶ ǋȌȚƲȗǡǽǷ
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ǽǗ ȗǞǋ ϮȍȐȗ ǯǡǷǇ ।ࣇࣇࣂ॥ळ

NǇƲȗƲ(x�ǋȗ) =

∫
R (xbȍȚǋ, x�ǋȗ)

dσ

dO (xbȍȚǋ) · LǡǷȗ dxbȍȚǋ �ǽǷȗǡǷȚǽȚȐ

NǇƲȗƲ
i =

nǀǡǷȐ∑

j=1

Rij

〈
dσ

dO

〉

j

· LǡǷȗ �ǡȐǁȍǋȗǋू�ǡǷǷǋǇ
ॠࣁࣂलࣂॡ

ΒǞǋȍǋ ȗǞǋ ȣǡȦȠȓȍȦǡ ȅǡȣȍǡȇR (xbȍȚǋ, x�ǋȗ) ǽȍ ȣǡȦȠȓȍȦǡ ȌǈȭȣǷ͕Rij ǶǽǇǋǱȐ ȗǞǋ ǋϨǁǡǋǷǁΘळ ƲǁǁǋȊȗƲǷǁǋळ

ƲǷǇ ȍǋȐǽǱȚȗǡǽǷ ǋϥǋǁȗȐ ǽǗ ȗǞǋ Ǉǋȗǋǁȗǽȍ ƲǷǇ ǇƲȗƲ ȐǋǱǋǁȗǡǽǷल XǋΑǡǋΒȐ ǽǗ ȚǷǗǽǱǇǡǷǘ ǶǋȗǞǽǇȐ ȚȐǋǇ ǡǷ

,�U ǁƲǷ ǀǋ ǗǽȚǷǇ ǡǷ ।ࣇࣇࣂळ ळࣈࣇࣂ ॥ࣉࣇࣂ ƲǷǇ Ʋȍǋ ǶǽȐȗǱΘ ǀǡǷǷǋǇ ǶǋȗǞǽǇȐळ ǀȚȗ ȊƲȍƲǶǋȗȍǡǁ ȚǷǗǽǱǇǡǷǘ

ǶǋȗǞǽǇȐ ǞƲΑǋ ǀǋǋǷ ȚȐǋǇ ǞǡȐȗǽȍǡǁƲǱǱΘ ƲǷǇ ǷǋΒ ȚǷǗǽǱǇǡǷǘ ȊȍǽǁǋǇȚȍǋȐ ǀƲȐǋǇ ǽǷ ǶƲǁǞǡǷǋ ǱǋƲȍǷǡǷǘ

ȗǋǁǞǷǡȌȚǋȐ Ʋȍǋ ƲǷ ƲǁȗǡΑǋ ƲȍǋƲ ǽǗ ǇǋΑǋǱǽȊǶǋǷȗ ॠǋलǘल HӈӉҲ$Ӑӂқ ।࣊ࣇࣂ॥ॡल �ǽǶǶǽǷ ǀǡǷǷǋǇ ȚǷǗǽǱǇॺ

ǡǷǘ ǶǋȗǞǽǇȐ ǡǷǁǱȚǇǋ ȐǡǷǘȚǱƲȍ ΑƲǱȚǋ ǇǋǁǽǶȊǽȐǡȗǡǽǷ ।ࣁࣈࣂ॥ळ ǀǡǷॺǀΘॺǀǡǷ ǁǽȍȍǋǁȗǡǽǷ ॠǋलǘल ।ࣂࣈࣂळ ळࣃࣈࣂ ळࣄࣈࣂ

॥ॡळࣅࣈࣂ Ʋ ȐǡǶȊǱǋ ǶǋȗǞǽǇ ǡǘǷǽȍǡǷǘ ǀǡǷ ǶǡǘȍƲȗǡǽǷȐ ǶǽȐȗǱΘ ȚȐǋǇ ǇȚȍǡǷǘ XȚǷ /ळ ƲǷǇ /ȭǡȣǈȭǷ͏ǡ �ǈ͖ǡȦǷǈȍ

eȍǭȓȇǝǷȍǮ ॠ/�eॡ ǇȚǋ ȗǽ �ঌ�ǘƲȐȗǡǷǡ ।ࣆࣈࣂ॥ळ ΒǞǡǁǞ ǡȐ ȗǞǋ ǶǽȐȗ ǁǽǶǶǽǷǱΘ ȚȐǋǇ ǶǋȗǞǽǇ ǀΘ �b=�[ ǡǷ

XȚǷ // ॠǋलǘल ।ࣇࣈࣂळ ळࣈࣈࣂ ॥ॡलࣉࣈࣂ bǞǋ /�eǶǋȗǞǽǇ ΒǡǱǱ ǀǋ ǇǡȐǁȚȐȐǋǇ ǡǷ [ǋǁȗǡǽǷ लࣄलࣁࣂ

�ǡϥǋȍǋǷȗǡƲǱ ǁȍǽȐȐ ȐǋǁȗǡǽǷȐ Ʋȍǋ ȗΘȊǡǁƲǱǱΘ ȚǷǗǽǱǇǋǇ ȗǽ ȗǞǋ Ƞǈȣȭȓȍ࣊ȇǡ͏ǡȇ ǽǗ ǗȚǷǇƲǶǋǷȗƲǱ ȊƲȍȗǡǁǱǋȐ ǽȍ

ȗǞǋ ȠǈȣȭǷǗȇǡ࣊ȇǡ͏ǡȇ ǽǗ ȌȚƲȐǡॺȐȗƲǀǱǋ ǁǽǱǽȍǱǋȐȐ ȊƲȍȗǡǁǱǋȐ ƲǗȗǋȍ ȊƲȍȗǽǷ ȐǞǽΒǋȍǡǷǘ ƲǷǇ ǞƲǇȍǽǷǡΝƲȗǡǽǷ ǀȚȗ ȗΘȊॺ

ǡǁƲǱǱΘ ǀǋǗǽȍǋ W�� ȍƲǇǡƲȗǡǽǷल � χǝȰǗǷǈȇ ȣǡǮǷȓȍ ǽǗ ȗǞǋ ǗȚǱǱ ȊǞƲȐǋ ȐȊƲǁǋ ǡȐ ǇǋϮǷǋǇ ǡǷ ΒǞǡǁǞ ȗǞǋ Ǉǡϥǋȍॺ

ǋǷȗǡƲǱ ǶǋƲȐȚȍǋǶǋǷȗ ǡȐ ȍǋȊǽȍȗǋǇळ ΒǞǡǁǞ ΒǡǱǱ ǀǋ ǇǡȐǁȚȐȐǋǇ ǡǷ [ǋǁȗǡǽǷ ࣂलࣁࣂ Ǘǽȍ ȗǞǋ tt̄W ǶǋƲȐȚȍǋǶǋǷȗल

sǡȗǞ ȗǞǋ ǷǽǶǋǷǁǱƲȗȚȍǋ ǇǋϮǷǋǇळ ȗǞǋ ȍǋȐȊǽǷȐǋ ǶƲȗȍǡΗ ǡǷ Ʋ ǀǡǷǷǋǇ ȚǷǗǽǱǇǡǷǘ ȊȍǽǁǋǇȚȍǋ ǡȐ ǇǋϮǷǋǇ ǡǷ

ࣁࣇࣂ



ȗǋȍǶȐ ǽǗ ǋΑǋǷȗ ǁǽȚǷȗȐN ǡǷ ȗȍȚȗǞॺǱǋΑǋǱ ǀǡǷ j ƲǷǇ ǇǋȗǋǁȗǽȍॺǱǋΑǋǱ ǀǡǷ i ȊȍǋǇǡǁȗǋǇ ǀΘB�ऴ

N�ǋȗ
i =

1

αi

∑

j

εjMij

︸ ︷︷ ︸
Rij

N$ǡǇ
j

Mij =
N�ǋȗ∩ $ǡǇ

ij

N�ǋȗ∩ $ǡǇ
j

, αi =
N�ǋȗ∩ $ǡǇ

i

N�ǋȗ
i

, εj =
N�ǋȗ∩ $ǡǇ

j

N$ǡǇ
j

ΒǞǋȍǋ ȗǞǋ αi ǡȐ ȗǞǋ ǈǗǗǡȠȭǈȍǗǡळ εj ǡȐ ȗǞǋ ǡωǗǷǡȍǗ͖ळ ƲǷǇMij ǡȐ ȗǞǋȌǷǮȣǈȭǷȓȍ ȌǈȭȣǷ͕ळ ΒǞǡǁǞ ȗǽǘǋȗǞǋȍ

ǁǽǷȐȗǡȗȚȗǋ ȗǞǋ ǗȚǱǱ ȍǋȐȊǽǷȐǋ ǶƲȗȍǡΗल bǞǋ ƲǁǁǋȊȗƲǷǁǋ ǡȐ ǇǋϮǷǋǇ ƲȐ ȗǞǋ ǗȍƲǁȗǡǽǷ ǽǗ ǋΑǋǷȗȐ ƲǁǁǋȊȗǋǇ ǡǷ

ȗǞǋ ǇǋȗǋǁȗǽȍॺǱǋΑǋǱ ȐǋǱǋǁȗǡǽǷ ȗǞƲȗ ƲǱȐǽ ȊƲȐȐ ȗǞǋ ϮǇȚǁǡƲǱ ȐǋǱǋǁȗǡǽǷळ ΒǞǡǁǞ ǡȐ ȗΘȊǡǁƲǱǱΘ ǱƲȍǘǋȍ ȗǞƲǷ ੆लࣁࣉ

bǞǋ ǋϨǁǡǋǷǁΘ ǡȐ ȐǡǶǡǱƲȍǱΘ ǇǋϮǷǋǇ ƲȐ ȗǞǋ ǗȍƲǁȗǡǽǷ ǽǗ ǋΑǋǷȗȐ ǡǷ ȗǞǋ ϮǇȚǁǡƲǱ ȍǋǘǡǽǷ ȗǞƲȗ ƲǱȐǽ ȊƲȐȐ ȗǞǋ

ǇǋȗǋǁȗǽȍॺǱǋΑǋǱ ȐǋǱǋǁȗǡǽǷळ ΒǞǡǁǞ ǡȐ ȗΘȊǡǁƲǱǱΘ Ȋǽǽȍǋȍ ȗǞƲǷ ƲǁǁǋȊȗƲǷǁǋ ȐǡǷǁǋ ȗǞǋ ǗǽȍΒƲȍǇ ǗǽǱǇǡǷǘ ǽǗ Ǉǋȗǋǁॺ

ȗǽȍ ǋϥǋǁȗȐ ǡȐ ǱǽȐȐΘल bǞǋ ǶǡǘȍƲȗǡǽǷ ǶƲȗȍǡΗ ǇǋȗǋȍǶǡǷǋȐ ǞǽΒ ǋΑǋǷȗȐ ǶǡǘȍƲȗǋ ǀǋȗΒǋǋǷ ǀǡǷȐ ΒǞǡǁǞ ȊƲȐȐ

ǀǽȗǞ ǱǋΑǋǱȐ ǽǗ ȐǋǱǋǁȗǡǽǷल

bǞǋ ȍǋȐȊǽǷȐǋ ǶƲȗȍǡΗRij ǁƲǷ ȐǡǶȊǱΘ ǀǋ ǡǷΑǋȍȗǋǇ ǡǷ �ȌȚƲȗǡǽǷ ࣂलࣁࣂ ȗǽ ȚǷǗǽǱǇ ǀǡǷȐ ȗǽ ȗǞǋ ȗȍȚȗǞ ǱǋΑǋǱल

,ǽΒǋΑǋȍळ ȗǞǡȐ ǡǷǇȚǁǋȐ ȐȗȍǽǷǘ ƲǷȗǡॺǁǽȍȍǋǱƲȗǡǽǷȐ ǀǋȗΒǋǋǷ ǷǋǡǘǞǀǽȍǡǷǘ ǀǡǷȐळ ȍǋȐȚǱȗǡǷǘ ǡǷ ǋΗȗȍǋǶǋǱΘ

ǱƲȍǘǋ ƲǷǇ ȚǷȊǞΘȐǡǁƲǱ ǽȐǁǡǱǱƲȗǡǽǷȐ ǡǷ ȗǞǋ ȚǷǗǽǱǇǋǇ ǇǡȐȗȍǡǀȚȗǡǽǷ ȐǋǋǇǋǇ ǀΘ ȐȗƲȗǡȐȗǡǁƲǱ ϱȚǁȗȚƲȗǡǽǷȐ ǡǷ ȗǞǋ

ǇƲȗƲल UȚȗ ƲǷǽȗǞǋȍ ΒƲΘळ ǶƲȗȍǡΗ ǡǷΑǋȍȐǡǽǷ ǋȍȍǽǷǋǽȚȐǱΘ ǡǷȗǋȍȊȍǋȗȐ ȐȗƲȗǡȐȗǡǁƲǱ ϱȚǁȗȚƲȗǡǽǷȐ ƲȐ ȊǞΘȐǡǁȐ ǡǷ

ƲǷ ƲȗȗǋǶȊȗ ȗǽ ǋΗȗȍƲǁȗ ǞǡǘǞॺǗȍǋȌȚǋǷǁΘ ȐȗȍȚǁȗȚȍǋ ǗȍǽǶ ȗǞǋ ǇƲȗƲल /Ƿ ȍǋƲǱǡȗΘळ ȗǞǋ ǞǡǘǞॺǗȍǋȌȚǋǷǁΘ ȐȗȍȚǁॺ

ȗȚȍǋ ǽǗ ȗǞǋ ǇƲȗƲ ǡȐ ǁǽǶȊǱǋȗǋǱΘ ǇǋȐȗȍǽΘǋǇ ǀΘ ȗǞǋ ȐǶǋƲȍǡǷǘ ǋϥǋǁȗȐ ǽǗ ǇǋȗǋǁȗǡǽǷ ƲǷǇ ȍǋǁǽǷȐȗȍȚǁȗǡǽǷल bǽ

ǁǽǶǀƲȗ ȗǞǋȐǋ ǋϥǋǁȗȐळ ȣǡǮȰȇǈȣǷ͛ǈȭǷȓȍ ǁǽǷȐȗȍƲǡǷȗȐ Ʋȍǋ ǡǶȊǽȐǋǇ ȗǽ ȊȍǋΑǋǷȗ ȗǞǋ ȚǷǗǽǱǇǡǷǘ ȊȍǽǁǋǇȚȍǋ

ǗȍǽǶ ǁƲȊȗȚȍǡǷǘ ǞǡǘǞॺǗȍǋȌȚǋǷǁΘ ȐȗȍȚǁȗȚȍǋ ȗǽ ΘǡǋǱǇ ȊǞΘȐǡǁƲǱǱΘ ǶǋƲǷǡǷǘǗȚǱ ǇǡȐȗȍǡǀȚȗǡǽǷȐ Ʋȗ ȗǞǋ ȊƲȍȗǡǁǱǋॺ

ǱǋΑǋǱ ǀƲȐǋǇ ǽǷ ǶǋǇǡȚǶॺ ȗǽ ǞǡǘǞॺǗȍǋȌȚǋǷǁΘ ǡǷǗǽȍǶƲȗǡǽǷ ȗǞƲȗ ǡȐ Ʋȗ ǱǋƲȐȗ ȊƲȍȗǡƲǱǱΘ ȊȍǋȐǋȍΑǋǇ ǀΘ ȗǞǋ Ǉǋॺ

ࣂࣇࣂ



ȗǋǁȗǽȍ ȐǶǋƲȍǡǷǘल �Ʋȍǋ ǶȚȐȗ ǀǋ ȗƲǯǋǷ ΒǞǋǷ ǡǶȊǽȐǡǷǘ ȍǋǘȚǱƲȍǡΝƲȗǡǽǷ ȗǽ ǽȊȗǡǶǡΝǋ ȗǞǋ ȗȍƲǇǋǽϥ ǀǋȗΒǋǋǷ

ǀǡƲȐ ƲǷǇ ȐǋǷȐǡȗǡΑǡȗΘ ȗǽ ȐȗƲȗǡȐȗǡǁƲǱ ϱȚǁȗȚƲȗǡǽǷȐल

bǞǡȐ ǁǞƲȊȗǋȍ ΒǡǱǱ ǇǋȐǁȍǡǀǋ ȗǞǋ ȚǷǗǽǱǇǡǷǘ ȊȍǽǁǋǇȚȍǋ ȚȐǋǇ ǡǷ ȗǞǋ tt̄W ǇǡϥǋȍǋǷȗǡƲǱ ǶǋƲȐȚȍǋǶǋǷȗल

[ǋǁȗǡǽǷ ࣂलࣁࣂ ǇǋȐǁȍǡǀǋȐ ȗǞǋ ϮǇȚǁǡƲǱ ΑǽǱȚǶǋ ǇǋϮǷǡȗǡǽǷ ΒǞǡǱǋ [ǋǁȗǡǽǷ ࣃलࣁࣂ ǁǽΑǋȍȐ ȗǞǋ ǁǞǽǡǁǋ ǽǗ ȚǷॺ

ǗǽǱǇǋǇ ǽǀȐǋȍΑƲǀǱǋȐ ƲǷǇ ȗǞǋǡȍ ǀǡǷǷǡǷǘल bǞǋ ȍǋǶƲǡǷǡǷǘ ȐǋǁȗǡǽǷȐ ǘǡΑǋ Ʋ ǇǋȗƲǡǱǋǇ ǇǋȐǁȍǡȊȗǡǽǷ ǽǗ ȗǞǋ ȚǷॺ

ǗǽǱǇǡǷǘ ǶǋȗǞǽǇ ȚȐǋǇ ǡǷ ȗǞǋ ƲǷƲǱΘȐǡȐल

ࣂঢࣁࣂ $ҲқӮҕҲ҇ӂ qӐӂӮӈҟ �ҟҩҲӉҲӪҲӐӉ

�Ȑ ǇǋȐǁȍǡǀǋǇ ǡǷ �ǞƲȊȗǋȍ ळࣆ ȗǞǋȍǋ Ʋȍǋ ǶƲǷΘ ȐȗǋȊȐ ǡǷ ȗǞǋ ǗǽȍΒƲȍǇ ȐǡǶȚǱƲȗǡǽǷ ǁǞƲǡǷ ǗȍǽǶ ȗǞǋ ǞƲȍǇ ȐǁƲȗॺ

ȗǋȍǡǷǘ ȊȍǽǁǋȐȐ ȗǽ ȊȍǋǇǡǁȗǡǽǷȐ ǽǗ ǋΑǋǷȗ ȍƲȗǋȐल bǞǋ ǁǞǽǡǁǋ ǽǗ ΒǞǋȍǋ ȗǽ ǇǋϮǷǋ ȗǞǋ ȗȍȚȗǞॺǱǋΑǋǱ ǇǋȗǋȍǶǡǷǋȐ

ǞǽΒǶƲǷΘ ǽǗ ȗǞǋȐǋ ǋϥǋǁȗȐ Ʋȍǋ ȚǷǗǽǱǇǋǇल bΒǽ ǁǽǶǶǽǷ ǁǞǽǡǁǋȐ Ʋȍǋ ȗǞǋ ȊƲȍȗǡǁǱǋॺǱǋΑǋǱ ƲǷǇ ȊƲȍȗǽǷॺǱǋΑǋǱळ

ΒǞǡǁǞ Ʋȍǋ ȐǯǋȗǁǞǋǇ ǡǷ $ǡǘȚȍǋ लࣃलࣁࣂ eǷǗǽǱǇǡǷǘ ȗǽ ȗǞǋ ȊƲȍȗǡǁǱǋॺǱǋΑǋǱ ȍǋǶǽΑǋȐ ǽǷǱΘ Ǉǋȗǋǁȗǽȍ ǋϥǋǁȗȐ ॠƲǷǇ

ȐǽǶǋȗǡǶǋȐ W�� ȍƲǇǡƲȗǡǽǷॡ ȗǽ ȗǞǋ ǱǋΑǋǱ ǽǗ ȐȗƲǀǱǋ ǞƲǇȍǽǷȐ ǁǱȚȐȗǋȍǋǇ ǡǷȗǽ ǬǋȗȐळ ǞƲȍǇ ΑǡȐǡǀǱǋ ǽǀǬǋǁȗȐळ ƲǷǇ

Emiss
T ल eǷǗǽǱǇǡǷǘ ǗȚȍȗǞǋȍ ȗǽ ȗǞǋ ȊƲȍȗǽǷॺǱǋΑǋǱ ȍǋǶǽΑǋȐ ȗǞǋ ǋϥǋǁȗȐ ǽǗ ǞƲǇȍǽǷǡΝƲȗǡǽǷळ ȐǞǽΒǋȍǡǷǘळ W��

ȍƲǇǡƲȗǡǽǷळ ƲǷǇ ȐǽǶǋȗǡǶǋȐ ƲǱȐǽ ȊƲȍȗǽǷ ǇǋǁƲΘȐल bǞǋ tt̄W ǇǡϥǋȍǋǷȗǡƲǱ ǶǋƲȐȚȍǋǶǋǷȗ ȚǷǗǽǱǇȐ ǽǷǱΘ ȗǽ ȗǞǋ

ȊƲȍȗǡǁǱǋॺǱǋΑǋǱ ǇȚǋ ȗǽ ȗǞǋ ǇǡϨǁȚǱȗΘ ǡǷ ǁǽȍȍǋǁȗǱΘ ƲȐȐǡǘǷǡǷǘ ǁǞƲȍǘǋǇ ǱǋȊȗǽǷȐ ƲǷǇEmiss
T ȗǽ ȗǞǋW ƲǷǇ t

ȊƲȍȗǽǷȐल bǞǋ XǋǁȚȍȐǡΑǋ :ǡǘȐƲΒ ȍǋǁǽǷȐȗȍȚǁȗǡǽǷ ǶǋȗǞǽǇ ।࣊ࣈࣂ॥ ΒƲȐ ȐȗȚǇǡǋǇ ȗǽ ǞǋǱȊ ȍǋȐǽǱΑǋ ƲȐȐǽǁǡƲȗǡǽǷ

ƲǶǀǡǘȚǡȗǡǋȐ ǀȚȗ ΒƲȐ Ƿǽȗ ȊȚȍȐȚǋǇ ƲǗȗǋȍ ȐȗȚǇǡǋȐ ǇǋǶǽǷȐȗȍƲȗǋǇ Ȋǽǽȍ ƲȐȐǽǁǡƲȗǡǽǷ ƲǁǁȚȍƲǁΘल

/ǷǁǱȚȐǡΑǋ ϮǇȚǁǡƲǱ ǁȍǽȐȐ ȐǋǁȗǡǽǷȐ Ʋȍǋ ȐǽǶǋȗǡǶǋȐ ȍǋȊǽȍȗǋǇळ ǀȚȗ ȗǽȗƲǱ ǡǷǁǱȚȐǡΑǋ ǁȍǽȐȐ ȐǋǁȗǡǽǷȐ ǋΗȗȍƲȊॺ

ǽǱƲȗǋǇ ȗǽ ȗǞǋ ǗȚǱǱ ȊǞƲȐǋ ȐȊƲǁǋ ǽǗ Ʋ ǘǡΑǋǷ ȊȍǽǁǋȐȐ Ʋȍǋ Ƕǽȍǋ ǁǽǶǶǽǷल �ΗȗȍƲȊǽǱƲȗǡǽǷ ǡȐ ǇǽǷǋ ȚǷǇǋȍ ȗǞǋ

ǶǡǷǡǶƲǱ ƲȐȐȚǶȊȗǡǽǷ ȗǞƲȗ ǀȍƲǷǁǞǡǷǘ ǗȍƲǁȗǡǽǷȐ Ǉǽ Ƿǽȗ ǁǞƲǷǘǋ ƲǷǇ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ǽǗ ȗǞǋ ƲǁǁǋȊȗƲǷǁǋ ǽǗ

ȗǞǋ ǘǡΑǋǷ ȊȍǽǁǋȐȐ ǡǷȗǽ ȗǞǋ ƲǷƲǱΘȐǡȐ ȍǋǘǡǽǷȐ Ʋȍǋ ȗƲǯǋǷ ǡǷȗǽ ƲǁǁǽȚǷȗल bǞǋ ȊǡǁȗȚȍǋ ǡȐ Ƕǽȍǋ ǁǽǶȊǱǡǁƲȗǋǇ

ࣃࣇࣂ



)LJXUH ����� 'LDJUDP RI SDUWRQ� DQG SDUWLFOH�OHYHO HYHQWV >��@

)LJXUH ����� 6NHWFK RI ĆGXFLDO WUXWK�OHYHO UHJLRQ LQ UHODWLRQ WR WKH GHWHFWRU�OHYHO

Ǘǽȍ ǇǡϥǋȍǋǷȗǡƲǱ ǶǋƲȐȚȍǋǶǋǷȗȐळ ΒǞǋȍǋ ƲǷ ǽǀȐǋȍΑƲǀǱǋOǶƲΘ ǞƲΑǋ ΑǋȍΘ ǇǡϥǋȍǋǷȗ ȐȗȍȚǁȗȚȍǋ ǡǷ Ǉǡϥǋȍॺ

ǋǷȗ ȍǋǘǡǽǷȐ ǽǗ ȗǞǋ ȗȍȚȗǞॺǱǋΑǋǱ ȊǞƲȐǋ ȐȊƲǁǋल �ǽǷǁȍǋȗǋǱΘळ εj ǇǋǁȍǋƲȐǋȐ ƲǷǇMij ǀǋǁǽǶǋȐ ǡǷǁȍǋƲȐǡǷǘǱΘ

ǽϥॺǇǡƲǘǽǷƲǱ ƲȐ ȗǞǋ ϮǇȚǁǡƲǱ ΑǽǱȚǶǋ ǡǷǁȍǋƲȐǋȐळ ǋǷǞƲǷǁǡǷǘ ȚǷȊǞΘȐǡǁƲǱ ƲǷȗǡॺǁǽȍȍǋǱƲȗǡǽǷȐ ǡǷ ȗǞǋ ȚǷǗǽǱǇǋǇ

ǇƲȗƲ ȗǞƲȗ ǶȚȐȗ ǀǋ ȐǶǽǽȗǞǋǇ ΒǡȗǞ ȐȗȍǽǷǘǋȍ ȍǋǘȚǱƲȍǡΝƲȗǡǽǷ ǁǽǷȐȗȍƲǡǷȗȐल eǷǗǽǱǇǡǷǘ ȗǽ Ʋ ǗȚǱǱǋȍ ȊǞƲȐǋ

ȐȊƲǁǋ ǷǋǁǋȐȐƲȍǡǱΘ ǡǷǁȚȍȐ Ƕǽȍǋ ǀǡƲȐल UǞȍƲȐǋǇ ǁǽǷǁǋȊȗȚƲǱǱΘळ ȗǞǋ ǇƲȗƲ ǁƲǷ ǽǷǱΘ ǁǽǷȐȗȍƲǡǷ ǋΑǋǷȗȐ ǡǷ ȗǞǋ

ȗȍȚȗǞॺǱǋΑǋǱ ȊǞƲȐǋ ȐȊƲǁǋ ȗǞƲȗ Ʋȍǋ ȐǡǶǡǱƲȍ ȗǽ ȗǞǽȐǋ ǡǷ ȗǞǋ ǇƲȗƲल /Ǘ ȗǞǋ ϮǇȚǁǡƲǱ ΑǽǱȚǶǋ ǡȐ ȗǽǽ ǱƲȍǘǋळ ȗǞǋ

ȚǷǗǽǱǇǡǷǘ ǋΗȗȍƲȊǽǱƲȗǡǽǷ ǀǋǁǽǶǋȐ ǱǋȐȐ ȍǋǱǡƲǷȗ ǽǷ ǁǽǷȐȗȍƲǡǷȗȐ ǗȍǽǶ ȗǞǋ ǇƲȗƲ ƲǷǇ Ƕǽȍǋ ȍǋǱǡƲǷȗ ǽǷ ȗǞǋ

ǡǷȗȚǡȗǡǽǷ ǽǗ ȗǞǋ ƲǷƲǱΘΝǋȍल � ȐǯǋȗǁǞ ǽǗ ȗǞǋȐǋ ǇǋϮǷǡȗǡǽǷȐ Ʋȍǋ ȐǞǽΒǷ ǡǷ $ǡǘȚȍǋ लࣄलࣁࣂ

bǞǋ ȐȗȍƲȗǋǘΘ Ǘǽȍ ȗǞǋ ϮǇȚǁǡƲǱ ΑǽǱȚǶǋ ǇǋϮǷǡȗǡǽǷ ȗǞǋȍǋǗǽȍǋ ǗǽǱǱǽΒȐ ȗΒǽ ȊȍǡǷǁǡȊǱǋȐऴ

ࣄࣇࣂ



लࣂ �ǋϮǷǋ ȗǞǋ ϮǇȚǁǡƲǱ ȐǋǱǋǁȗǡǽǷ ǡǷ ƲǱǡǘǷǶǋǷȗ ΒǡȗǞ ȗǞǋ ǇǋȗǋǁȗǽȍॺǱǋΑǋǱ ǋΑǋǷȗ ȐǋǱǋǁȗǡǽǷ

लࣃ BƲǯǋ ȗǞǋ ϮǇȚǁǡƲǱ ȐǋǱǋǁȗǡǽǷ ƲȐ ȐǡǶȊǱǋ ƲȐ ȊǽȐȐǡǀǱǋ Ǘǽȍ ǋƲȐΘ ǁǽǶȊƲȍǡȐǽǷ ȗǽ ȗǞǋǽȍǋȗǡǁƲǱ ȊȍǋǇǡǁॺ
ȗǡǽǷȐ ƲǷǇ ǶǋƲȐȚȍǋǶǋǷȗȐ ǀΘ ǽȗǞǋȍ ǋΗȊǋȍǡǶǋǷȗȐ

bǞǋȍǋ Ʋȍǋ ǗǽȚȍ ǶƲǡǷ ƲǷƲǱΘȐǡȐ ǁǞƲǷǷǋǱȐ ॠǡǷ ǽȍǇǋȍ ǽǗ ǇǋǁȍǋƲȐǡǷǘ tt̄W ΘǡǋǱǇॡऴ 2![[ਭਭळ 3!ਭळ 2![[ॺॺळ

ƲǷǇ 3!ॺल bǞǋȍǋǗǽȍǋळ ǗǽȚȍ ϮǇȚǁǡƲǱ ȊǞƲȐǋ ȐȊƲǁǋȐ ǶȚȐȗ ǀǋ ǁǽǷȐȗȍȚǁȗǋǇ ǡǷȗǽ ΒǞǡǁǞ ȗǞǋȐǋ ǁǞƲǷǷǋǱȐ Ʋȍǋ

ȚǷǗǽǱǇǋǇल [ǋǱǋǁȗǡǽǷȐ ǡǷ ȗǞǋ ϮǇȚǁǡƲǱ ȊǞƲȐǋ ȐȊƲǁǋ ȗǞƲȗ Ǉǽ Ƿǽȗ ȐǡǘǷǡϮǁƲǷȗǱΘ ǁǞƲǷǘǋ ȗǞǋ ǶǽǇǋǱǡǷǘ ǽǗ

ȗǞǋ ȍǋȐȊǽǷȐǋ ǶƲȗȍǡΗ ƲǷǇ ȚǷǗǽǱǇǡǷǘ ȊǋȍǗǽȍǶƲǷǁǋ Ʋȍǋ ȍǋǶǽΑǋǇ Ǘǽȍ ȐǡǶȊǱǡǁǡȗΘल [ȊǋǁǡϮǁ ȐȗȚǇǡǋȐ Ʋȍǋ Ȋǋȍॺ

ǗǽȍǶǋǇ ǽǷ ȗǞǋ ȊƲȍȗǡǁǱǋॺǱǋΑǋǱ ǽΑǋȍǱƲȊ ȍǋǶǽΑƲǱ ȊȍǽǁǋǇȚȍǋ ƲǷǇ Ǭǋȗ pT ȗǞȍǋȐǞǽǱǇल

bǞǋ ϮǇȚǁǡƲǱ ȊǞƲȐǋ ȐȊƲǁǋ ǡǷȗǽ ΒǞǡǁǞ ǋΑǋǷȗȐ Ʋȍǋ ȚǷǗǽǱǇǋǇ ǡȐ ǇǋϮǷǋǇ ǀΘ ȗǞǋ ȊƲȍȗǡǁǱǋॺǱǋΑǋǱ ȐǋǱǋǁȗǡǽǷऴ

़ HǀǬǋǁȗ ȊȍǋॺȐǋǱǋǁȗǡǽǷ

ॼ [ǋǱǋǁȗ ƲǱǱ ƲǷȗǡॺkT ǬǋȗȐ ΒǡȗǞ pT > 25%ǋq ƲǷǇ |η| < 4.5

ॼ [ǋǱǋǁȗ ƲǱǱ ǶȚǽǷȐ ΒǡȗǞ pT > 10%ǋq ƲǷǇ |η| < 2.5

ॼ [ǋǱǋǁȗ ƲǱǱ ǋǱǋǁȗȍǽǷȐ ΒǡȗǞ pT > 10%ǋq ƲǷǇ |η| < 2.47ळ Αǋȗǽ ǋǱǋǁȗȍǽǷȐ ǡǷ ȗǞǋ =�ȍ
ǁƲǱǽȍǡǶǋȗǋȍ ǁȍƲǁǯ ȍǋǘǡǽǷ 1.37 < |η| < 1.52

़ HΑǋȍǱƲȊ ȍǋǶǽΑƲǱ ǽǗ ǽǀǬǋǁȗȐ ȊƲȐȐǡǷǘ ȊȍǋॺȐǋǱǋǁȗǡǽǷ

ॼ XǋǬǋǁȗ Ǭǋȗ ƲǘƲǡǷȐȗ ǋǱǋǁȗȍǽǷȐऴ ΒǞǋǷ dR(e, j) < 0.2ळ ǯǋǋȊ Ǭǋȗ ǡǗ ƲǷǇ ǽǷǱΘ ǡǗ ǡȗ ǞƲȐ ƲBॺ
ǞƲǇȍǽǷ ƲǷǇ pT ਴ ࣁࣁࣃ %ǋq

ॼ XǋǬǋǁȗ ǱǋȊȗǽǷȐ ƲǘƲǡǷȐȗ ǬǋȗȐऴ ΒǞǋǷ dR(!, j) < BǡǷ[0.4, 0.04 + 10%ǋq/pT(!)]
़ 2![[ ȐǋǱǋǁȗǡǽǷऴ

ॼ �ΑǋǷȗ ǁǽǷȗƲǡǷȐ Ʋȗ ǱǋƲȐȗ ࣃ ǁǋǷȗȍƲǱ ǬǋȗȐ ΒǡȗǞ ƲǷǇ Ʋȗ ǱǋƲȐȗ ࣂ ǁǋǷȗȍƲǱ Ǭǋȗ ǁǽǷȗƲǡǷǡǷǘ ƲBॺ
ǞƲǇȍǽǷ

ॼ �ΑǋǷȗ ǁǽǷȗƲǡǷȐ ǋΗƲǁȗǱΘ ࣃ ǱǋȊȗǽǷȐ ǽǗ ȗǞǋ ȐƲǶǋ ǁǞƲȍǘǋळ ǱǋȊȗǽǷȐ Ʋȍǋ ȍǋȌȚǡȍǋǇ ȗǽ ǞƲΑǋ pT >

20%ǋq

ॼ qǋȗǽ ǋΑǋǷȗȐ ǡǗM [$
!! < 12%ǋq

़ 3! ȐǋǱǋǁȗǡǽǷऴ

ॼ �ΑǋǷȗ ǁǽǷȗƲǡǷȐ Ʋȗ ǱǋƲȐȗ ࣂ ǁǋǷȗȍƲǱ Ǭǋȗ ƲǷǇ Ʋȗ ǱǋƲȐȗ ࣂ ǁǋǷȗȍƲǱ Ǭǋȗ ǁǽǷȗƲǡǷǡǷǘ ƲBॺǞƲǇȍǽǷ

ॼ �ΑǋǷȗ ǁǽǷȗƲǡǷȐ ǋΗƲǁȗǱΘ ࣄ ǱǋȊȗǽǷȐ ΒǡȗǞ ȗǽȗƲǱ ǁǞƲȍǘǋ±1eळ ΒǞǋȍǋ ȗǞǋ ȐƲǶǋॺȐǡǘǷ ǱǋȊȗǽǷȐ
Ʋȍǋ ȍǋȌȚǡȍǋǇ ȗǽ ǞƲΑǋ pT > 20%ǋq

ࣅࣇࣂ



ॼ qǋȗǽ ǋΑǋǷȗȐ ǡǗM [$ॺH[
!! < 12%ǋqळ |M [$ॺH[

!! −MZ | < 10%ǋqळ ǽȍ |M!!! −MZ | < 10

%ǋq
�ǋǷȗȍƲǱ ǬǋȗȐ Ʋȍǋ ȗǞǽȐǋ ΒǡȗǞǡǷ |η| < 2.5 ƲǷǇ ȗǞǋ ΑƲǱȚǋ ǗǽȍMZ ǡȐ ȗƲǯǋǷ ƲȐ ࣃलࣂ࣊ %ǋqल bǞǋ ȍǋǘǡǽǷȐ

Ʋȍǋ ǗȚȍȗǞǋȍ ȐȊǱǡȗ ǀΘ ȍǋȌȚǡȍǡǷǘ ȗǞǋ ȗǽȗƲǱ ǁǞƲȍǘǋ ȗǽ ǀǋ ȊǽȐǡȗǡΑǋ ǽȍ ǷǋǘƲȗǡΑǋल bǞǋ ȊǽȐȐǡǀǡǱǡȗΘ ȗǽ ǡǷǁǱȚǇǋ

ǬǋȗȐ ΒǡȗǞ pT > 20%ǋq ΒƲȐ ǁǽǷȐǡǇǋȍǋǇ ȗǽ ǡǷǁȍǋƲȐǋ ȗǞǋ ƲǁǁǋȊȗƲǷǁǋ ǽǗ ǋΑǋǷȗȐ ΒǞǋȍǋ ǬǋȗȐ ǞƲǇ ǀǽȍॺ

ǇǋȍǱǡǷǋ pT ȗǞƲȗ ǶǡǘȍƲȗǋǇ ΒǡȗǞǡǷ ȗǞǋ≈ 5%ǋq ȍǋȐǽǱȚȗǡǽǷ ǽǗ U$ǱǽΒ ǬǋȗȐ ΒǡȗǞ pT = 25%ǋqल bǞǡȐ

ȍǋȐȚǱȗǋǇ ǡǷ ǱƲȍǘǋ ǽϥॺǇǡƲǘǽǷƲǱ ǶǡǘȍƲȗǡǽǷȐ ǡǷ ȗǞǋ ǶǡǘȍƲȗǡǽǷ ǶƲȗȍǡΗ ȗǞƲȗ ǀǋǁƲǶǋ ǋȐȊǋǁǡƲǱǱΘ ǱƲȍǘǋ ǡǷ ǞǡǘǞ

ǶȚǱȗǡȊǱǡǁǡȗΘ ǋΑǋǷȗȐ ƲȐ ȐǞǽΒǷ ǡǷ $ǡǘȚȍǋ लࣅलࣁࣂ �Ȑ Ʋ ȍǋȐȚǱȗ ǽǗ ȗǞǡȐ ƲǷǇ ȗǞǋ ƲǇǇǋǇ ǁǽǶȊǱǋΗǡȗΘ ǽǗ ǇǋϮǷǡǷǘ

ǇǡϥǋȍǋǷȗ ǀǡǷǷǡǷǘ ǀǋȗΒǋǋǷ ȗǞǋ ȊƲȍȗǡǁǱǋॺǱǋΑǋǱ ƲǷǇ ǇǋȗǋǁȗǽȍॺǱǋΑǋǱ Ǭǋȗ pTळ ȗǞǡȐ ȐǋǱǋǁȗǡǽǷ ΒƲȐ Ƿǽȗ ǯǋȊȗ ƲǷǇ

ȗǞǋ ǷǽǶǡǷƲǱ Ǭǋȗ ȗǞȍǋȐǞǽǱǇ ǽǗ pT %ǋq ǡȐ ȚȐǋǇल
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)LJXUH ����� 'LIIHUHQFHV RI PLJUDWLRQPDWULFHV IRU MHW PXOWLSOLFLWLHV GHĆQHGZLWK D pT WKUHVKROG RI �� *H9 �OHIW�

DQG ��*H9 �ULJKW�� /DUJH RII�GLDJRQDO PLJUDWLRQV DUH REVHUYHG LQ WKH ��*H9 FDVH�

bǞǋ ǽΑǋȍǱƲȊ ȍǋǶǽΑƲǱ ǇǡϥǋȍȐ ǗȍǽǶ ȗǞǋ ǇǋȗǋǁȗǽȍॺǱǋΑǋǱ HX ǡǷ ȗΒǽ ΒƲΘȐल bǞǋ ϮȍȐȗ ȐȗǋȊ ǽǗ ȗǞǋ HX

ȊȍǽǁǋǇȚȍǋ ΒǞǡǁǞ ȍǋǬǋǁȗȐ ǋǱǋǁȗȍǽǷȐ ƲǘƲǡǷȐȗ ǶȚǽǷȐ ॠƲǷǇ ΑǡǁǋॺΑǋȍȐƲॡ ǡȐ ȐǯǡȊȊǋǇ ǀǋǁƲȚȐǋ ǡȗ ǡȐ ȐǋǷȐǡȗǡΑǋ ȗǽ

ΒǞǋȗǞǋȍ ǽȍ Ƿǽȗ ȗǞǋ ǶȚǽǷ ǡȐ ȍǋǁǽǷȐȗȍȚǁȗǋǇ ƲȐ Ʋ �ƲǱǽॺȗƲǘǘǋǇ ǶȚǽǷ ƲǷǇ ǽǷǱΘ ǞƲȊȊǋǷȐ ΒǞǋǷ∆R(e, µ) <

0.1ल /ȗ ǡȐ ȍǋȌȚǡȍǋǇ ǇȚǋ ȗǽ ȗǞǋ ƲǶǀǡǘȚǡȗΘ ǡǷ ȗǞǋ ȍǋǁǽǷȐȗȍȚǁȗǡǽǷळ ΒǞǡǁǞ ǡȐ Ƿǽȗ Ʋ ǁǽǷȐǡǇǋȍƲȗǡǽǷ Ʋȗ ȗǞǋ

ࣆࣇࣂ



ȊƲȍȗǡǁǱǋॺǱǋΑǋǱल bǞǋ ȍǋǬǋǁȗǡǽǷ ǽǗ ǬǋȗȐ ƲǘƲǡǷȐȗ ǶȚǽǷȐ Ʋȗ ȗǞǋ ǇǋȗǋǁȗǽȍॺǱǋΑǋǱ ǽǁǁȚȍȐ ΒǞǋǷ ȗǞǋ ǶȚǽǷ ǡȐ

ǘǞǽȐȗॺǶƲȗǁǞǋǇ ȗǽ ȗǞǋ Ǭǋȗळ ǡȗ ǡȐ Ƿǽȗ bॺȗƲǘǘǋǇळ ƲǷǇ ƲǷǇ ȗǞǋ Ǭǋȗ ǞƲȐ ǗǋΒǋȍ ȗǞƲǷ ࣄ ȗȍƲǁǯȐ ǞƲΑǡǷǘ pT > 500

BǋqलBǽȐȗ ǬǋȗȐ ǡǷ tt̄W ȊȍǽǇȚǁȗǡǽǷ ǞƲΑǋ Ƕǽȍǋ ȗǞƲǷ ࣄ ȗȍƲǁǯȐ ƲǷǇ ȗǞǡȐ ȍǋǬǋǁȗǡǽǷ ǡȐ ǡǷǗȍǋȌȚǋǷȗǱΘ ȗȍǡǘॺ

ǘǋȍǋǇल �ǞǋǁǯȐ Βǋȍǋ ǇǽǷǋ ǁǽǶȊƲȍǡǷǘ ȗǞǋ ȊƲȍȗǡǁǱǋॺǱǋΑǋǱ HX ΒǡȗǞ ƲǷǇ ΒǡȗǞǽȚȗ ȗǞǡȐ ȐȗǋȊळ ΒǞǋȍǋ Ʋȗ ȗǞǋ

ȊƲȍȗǡǁǱǋॺǱǋΑǋǱ ǬǋȗȐ Ʋȍǋ ȍǋǬǋǁȗǋǇ ƲǘƲǡǷȐȗ ǶȚǽǷȐ ǡǗ ȗǞǋ Ǭǋȗ ǞƲȐ Ƿǽ �ॺǞƲǇȍǽǷȐ ƲǷǇ∆Rµj < लࣂ0.2 bǞǋ

ǋϨǁǡǋǷǁΘ ƲǷǇ ƲǁǁǋȊȗƲǷǁǋ ǁǽȍȍǋǁȗǡǽǷȐ ǽǗ ȗǞǋ HXΒǡȗǞǽȚȗ ǬǋȗॺǶȚǽǷ ȍǋǬǋǁȗǡǽǷ Βǋȍǋ ǗǽȚǷǇ ȗǽ ǀǋ ੆ࣁलࣁ

ƲǷǇ ॺࣁलࣆ੆ ȍǋǱƲȗǡΑǋ ȗǽ ȗǞǋ HX ȊȍǽǁǋǇȚȍǋ ȚȐǡǷǘ ȗǞǡȐ ȐȗǋȊल bǞǋ ǋϨǁǡǋǷǁΘळ ƲǁǁǋȊȗƲǷǁǋळ ƲǷǇ ǶǡǘȍƲȗǡǽǷ

ǶƲȗȍǡǁǋȐ ǗǽȍNjets ƲǷǇNb−jets Ʋȍǋ ƲǇǇǡȗǡǽǷƲǱǱΘ ȐǞǽΒǷ ǡǷ $ǡǘȚȍǋ ळࣆलࣁࣂ ƲǱȐǽ ǇǋǶǽǷȐȗȍƲȗǡǷǘ ǶǡǷǡǶƲǱ

ǇǡϥǋȍǋǷǁǋȐल sǋ ȗǞǋȍǋǗǽȍǋ ȐǯǡȊ ȗǞǡȐ ȐȗǋȊ ǋǷȗǡȍǋǱΘ ǡǷ ȗǞǋ ϮǷƲǱ ȊƲȍȗǡǁǱǋॺǱǋΑǋǱ HX ȊȍǽǁǋǇȚȍǋल

Particle-level Overlap RemovalBrendon Bullard 6

B-Jet Aware OR w/ and w/o Jet Rejection Against Muons
• Check difference between B-jet aware (BJA) OR at PL with and without Step 3


• No difference in efficiency, acceptance is slightly worse when skipping jet rejection w.r.t. muons - propose 
including in PL OR for symmetrical treatment of leptons

Difference = [BJA OR No Jet-Muon Rejection] - [BJA OR]
nJets nBJets

BJA Full
BJA No Jet-Muon 

Rejection Overall


Efficiency: +0.0% 
Acceptance: -0.5%

BJA Full

BJA No Jet-Muon 

Rejection

)LJXUH ����� 'LIIHUHQFHV RI PLJUDWLRQPDWULFHV� DFFHSWDQFH DQG HIĆFLHQF\ FRUUHFWLRQV LQNjets DQGNb−jets RI

QR�MHW�UHMHFWLRQ25 UHODWLYH WR WKH MHW�UHMHFWLRQ25 SURFHGXUH DW SDUWLFOH OHYHO�

�Ƿ ǡǷǁǱȚȐǡΑǋ ǋϨǁǡǋǷǁΘ ƲǷǇ ƲǁǁǋȊȗƲǷǁǋ ǁǽȍȍǋǁȗǡǽǷ ǁƲǷ ǀǋ ǁƲǱǁȚǱƲȗǋǇ Ǘǽȍ ǋƲǁǞ ȊƲǡȍ ǽǗ ϮǇȚǁǡƲǱ ȍǋॺ

ǘǡǽǷ ƲǷǇ ǁǞƲǷǷǋǱल /ȗ ǡȐ ȊǽȐȐǡǀǱǋ ȗǽ ȊǋȍǗǽȍǶ ȗǞǋ ȚǷǗǽǱǇǡǷǘ ǡǷǇǋȊǋǷǇǋǷȗǱΘ Ǘǽȍ ǋƲǁǞ ǽǗ ȗǞǋȐǋ ȊƲǡȍȐल /Ƿ

ȗǞǡȐ ǁƲȐǋळ ȗǞǋȐǋ ǁǽȍȍǋǁȗǡǽǷȐ ΒǡǱǱ ǀǋ ǗȚȍȗǞǋȍ ǗȍǽǶ ȚǷǡȗΘ ǀǋǁƲȚȐǋ ȗǞǋȍǋ Ʋȍǋ ǷǽǷΝǋȍǽ ǁȍǽȐȐॺǁǞƲǷǷǋǱ ǶǡǘȍƲॺ

ȗǡǽǷȐ ǗȍǽǶ ȗǞǋ ϮǇȚǁǡƲǱ ȍǋǘǡǽǷȐल bǽ ǶǽǇǋǱ ȗǞǋȐǋ ǋΗȊǱǡǁǡȗǱΘळ ȗǞǋ ȚǷǗǽǱǇǡǷǘ ǁƲǷ ǀǋ ǇǽǷǋ ȐǡǶȚǱȗƲǷǋǽȚȐǱΘ

ΒǡȗǞ Ʋ ȍǽȚǘǞǱΘ ǀǱǽǁǯॺǇǡƲǘǽǷƲǱ ȍǋȐȊǽǷȐǋ ǶƲȗȍǡΗल $ǡǘȚȍǋ ࣈलࣁࣂ ȐǞǽΒȐ ȗǞǋ ॠȚǷॺॡǷǽȍǶƲǱǡΝǋǇ ǶǡǘȍƲȗǡǽǷ
bǞǡȐࣂ ǡȐ Ƕǽȍǋ ƲǘǘȍǋȐȐǡΑǋ ȗǞƲǷ ΒǞƲȗ ǡȐ ǇǽǷǋ Ʋȗ ȗǞǋ ȍǋǁǽǷȐȗȍȚǁȗǡǽǷॺǱǋΑǋǱ ǀǋǁƲȚȐǋ ȗǞǋ Ǭǋȗ ȗȍȚȗǞ ȊƲȍȗǡǁǱǋ ǶȚǱȗǡॺ

ȊǱǡǁǡȗΘ ΒƲȐ Ƿǽȗ ƲΑƲǡǱƲǀǱǋ Ǘǽȍ ȗǞǡȐ ȐȗȚǇΘ

ࣇࣇࣂ



ǶƲȗȍǡǁǋȐल bǞǋȍǋ Ʋȍǋ ǶǡǘȍƲȗǡǽǷȐ ǗȍǽǶ ȗǞǋ 3! ϮǇȚǁǡƲǱ ȍǋǘǡǽǷȐ ǡǷȗǽ ȗǞǋ 2!SS Ǉǋȗǋǁȗǽȍ ǁǞƲǷǷǋǱȐ Ʋȗ ȗǞǋ

੆ࣁࣂ ǱǋΑǋǱळ ΒǞǡǁǞ ǁǽǷȐǡȐȗ ǽǗ ǋΑǋǷȗȐ ΒǞǋȍǋ ȗǞǋ H[ ǱǋȊȗǽǷ ǞƲȐ ǱǽΒॺpT ƲǷǇ ǗƲǡǱȐ ȗǽ ǀǋ ȍǋǁǽǷȐȗȍȚǁȗǋǇ ǽȍ

ǇǽǋȐ Ƿǽȗ ȊƲȐȐ ȗǞǋ ǱǋȊȗǽǷ ȊȍǋॺȐǋǱǋǁȗǡǽǷूHXल $ǡǘȚȍǋ ࣇलࣁࣂ ȐǞǽΒȐ ȗǞǋ ȊƲȍȗǡǁǱǋॺǱǋΑǋǱ H[ ǱǋȊȗǽǷ pT ǡǷ

ȗǞǋ 3! ϮǇȚǁǡƲǱ ȍǋǘǡǽǷ ȐǋȊƲȍƲȗǋǇ ǀΘ ΒǞǋȗǞǋȍ ȗǞǋ ǋΑǋǷȗ ΒƲȐ ȍǋǁǽǷȐȗȍȚǁȗǋǇ ȊȍǽȊǋȍǱΘ ƲȐ Ʋ 3! ǋΑǋǷȗ ǽȍ

ǡǷǁǽȍȍǋǁȗǱΘ ƲȐ Ʋ 2!SS ǋΑǋǷȗल �ΑǋǷȗȐ ǡǷ ȗǞǋ 3! ϮǇȚǁǡƲǱ ȍǋǘǡǽǷ ΒǞǋȍǋ ǽǷǋ ǽǗ ȗǞǋ [[ ǱǋȊȗǽǷȐ ǗƲǡǱȐ ȍǋǁǽǷॺ

ȐȗȍȚǁȗǡǽǷ ΒǽȚǱǇ ǀǋ ȐǋǋǷ ƲȐ 2!OS ǋΑǋǷȗȐ ƲǷǇ Ʋȍǋ ȗǞȚȐ Ƿǽȗ ǁƲȊȗȚȍǋǇ ǡǷ ȗǞǋ ȐǡǘǷƲǱ ȍǋǘǡǽǷȐल bǞǋȍǋ Ʋȍǋ

ǶǡǘȍƲȗǡǽǷȐ ǗȍǽǶ ȗǞǋ 2!SS ϮǇȚǁǡƲǱ ȍǋǘǡǽǷȐ ȗǽ ȗǞǋ 3! Ǉǋȗǋǁȗǽȍ ǁǞƲǷǷǋǱȐ Ʋȗ ȗǞǋ ȊǋȍǶǡǱǱǋ ǱǋΑǋǱळ ΒǞǋȍǋ

Ʋ ǗƲǯǋ ǱǋȊȗǽǷ ǡȐ ǗǽȚǷǇ ǽǗ ǽȊȊǽȐǡȗǋ ȐǡǘǷल bǞǋȍǋ ǡȐ Ʋ ǷǋǘǱǡǘǡǀǱǋ ǷȚǶǀǋȍ ǽǗ ǋΑǋǷȗȐ ȗǞƲȗ ǶǡǘȍƲȗǋ ǗȍǽǶ

ϮǇȚǁǡƲǱ ȍǋǘǡǽǷȐ ȗǽ Ǉǋȗǋǁȗǽȍ ǁǞƲǷǷǋǱȐ ǽǗ ǽȊȊǽȐǡȗǋ ǁǞƲȍǘǋळ ǇǋǶǽǷȐȗȍƲȗǡǷǘ ȗǞƲȗ tt̄W+ ƲǷǇ tt̄W− Ʋȍǋ

ΑǋȍΘ ΒǋǱǱ ǡȐǽǱƲȗǋǇ ǡǷ ȗǞǋ ǁǞƲȍǘǋॺȐǋȊƲȍƲȗǋǇ Ǉǋȗǋǁȗǽȍ ǁǞƲǷǷǋǱȐल bǞǋ ǶǡǘȍƲȗǡǽǷȐ ǽǗ ȊƲȍȗǡǁǱǋॺǱǋΑǋǱ ǋΑǋǷȗȐ

ǡǷ ȗǞǋ 3! ϮǇȚǁǡƲǱ ȍǋǘǡǽǷȐ ǡǷȗǽ ȗǞǋ 3! ǇǋȗǋǁȗǽȍॺǱǋΑǋǱ ȍǋǘǡǽǷȐ ǀƲȐǋǇ ǽǷ ȗǞǋ ǷȚǶǀǋȍ ǽǗ [$H[ ǱǋȊȗǽǷȐ Ʋȍǋ

ǶǽǇǋǱǋǇ ΑǡƲ Ʋ ǗȚǱǱ ǷǽǷॺȐȌȚƲȍǋ ȍǋȐȊǽǷȐǋ ǶƲȗȍǡΗल
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)LJXUH ����� 1RUPDOL]HG SDUWLFOH�OHYHO pT LQ 3! HYHQWV WKDW DUH UHFRQVWUXFWHG DV 3! HYHQWV �EODFN� DQG 2!SS
HYHQWV �UHG��

$ǡǘȚȍǋ ࣉलࣁࣂ ȐǞǽΒȐ ȗǞǋ ǋϨǁǡǋǷǁΘ ƲǷǇ ƲǁǁǋȊȗƲǷǁǋ ǁǽȍȍǋǁȗǡǽǷȐ ǡǷ ȗǞǋ ǁƲȐǋ ǽǗ ǡǷǇǋȊǋǷǇǋǷȗ ƲǷǇ Ȑǡॺ

ࣈࣇࣂ



ǶȚǱȗƲǷǋǽȚȐ ȚǷǗǽǱǇǡǷǘल bǞǋ ǋϨǁǡǋǷǁΘ ǁǽȍȍǋǁȗǡǽǷ Ǘǽȍ ȗǞǋ 3!+ॠ3!ॺॡ ϮǇȚǁǡƲǱ ȍǋǘǡǽǷ ǇǋǁȍǋƲȐǋȐ ǗȍǽǶ

ࣃࣃࣄलࣁ ȗǽ ࣈࣉࣃलࣁ ॠࣁलࣅࣃࣄ ȗǽ ॡࣂ࣊ࣃलࣁ ΒǞǋǷ ǗƲǡǱǡǷǘ ȗǽ ƲǁǁǽȚǷȗ Ǘǽȍ ǁȍǽȐȐॺǁǞƲǷǷǋǱ ǶǡǘȍƲȗǡǽǷȐळ ǁǽǷȐȗǡȗȚȗǡǷǘ

Ʋ ल࣊੆ࣁࣂ ॠࣁࣂलࣃ੆ॡ ȍǋǱƲȗǡΑǋ ǇǋǁȍǋƲȐǋल bǞǡȐ ȍǋϱǋǁȗȐ ȗǞǋ ǶǡǘȍƲȗǡǽǷ ȍƲȗǋ ǽǗ 3! ϮǇȚǁǡƲǱ ǋΑǋǷȗȐ ǡǷȗǽ 2!SS

Ǉǋȗǋǁȗǽȍ ǁǞƲǷǷǋǱȐ ǽǗ ੆लࣁࣂ bǞǋ ǋϨǁǡǋǷǁΘ ǁǽȍȍǋǁȗǡǽǷ ǡǷ ȗǞǋ 2!SS ǁǞƲǷǷǋǱ ǡȐ ȗǞǋ ȐƲǶǋ ǡǷ ȗǞǋ ȐǡǶȚǱȗƲॺ

ǷǋǽȚȐ ȚǷǗǽǱǇǡǷǘ ǁƲȐǋ ȐǡǷǁǋ ȗǞǋ ǗȍƲǁȗǡǽǷ ǽǗ ǋΑǋǷȗȐ ǡǷ ȗǞǋ 2!SS ϮǇȚǁǡƲǱ ȍǋǘǡǽǷ ȗǞƲȗ ǶǡǘȍƲȗǋ ȗǽ ȗǞǋ 3!

Ǉǋȗǋǁȗǽȍ ǁǞƲǷǷǋǱ ǡȐ ΑǋȍΘ ȐǶƲǱǱल bǞǋ ƲǁǁǋȊȗƲǷǁǋ ǁǽȍȍǋǁȗǡǽǷ Ǘǽȍ ȗǞǋ 2!SSਭॠ2!SSॺॡ Ǉǋȗǋǁȗǽȍ ǁǞƲǷǷǋǱ

ǇǋǁȍǋƲȐǋȐ ǗȍǽǶ ࣊ࣅल࣊ࣁ ȗǽ ࣇࣃल࣊ࣁ ॠࣁल࣊࣊ࣅ ȗǽ ॡࣆࣃल࣊ࣁ ΒǞǋǷ ǗƲǡǱǡǷǘ ȗǽ ƲǁǁǽȚǷȗ Ǘǽȍ ǁȍǽȐȐॺǁǞƲǷǷǋǱ ǶǡǘȍƲȗǡǽǷȐळ

ǁǽǷȐȗǡȗȚȗǡǷǘ Ʋ ੆ࣅलࣃ ॠࣃलࣆ੆ॡ ȍǋǱƲȗǡΑǋ ǇǋǁȍǋƲȐǋल bǞǡȐ ȍǋϱǋǁȗȐ ȗǞǋ ǶǡǘȍƲȗǡǽǷ ȍƲȗǋ ǽǗ 2!SS Ǉǋȗǋǁȗǽȍ ǋΑǋǷȗȐ

ǗȍǽǶ 3! ϮǇȚǁǡƲǱ ȍǋǘǡǽǷȐल bǞǋ ƲǁǁǋȊȗƲǷǁǋ ǁǽȍȍǋǁȗǡǽǷ Ǘǽȍ ȗǞǋ 3!+ॠ3!ॺॡ Ǉǋȗǋǁȗǽȍ ǁǞƲǷǷǋǱ ǇǋǁȍǋƲȐǋȐ

ǗȍǽǶ ࣈࣂल࣊ࣁ ȗǽ ࣆࣁल࣊ࣁ ॠࣁल࣊ࣄࣃ ȗǽ ॡ࣊ࣁल࣊ࣁ ΒǞǋǷ ǗƲǡǱǡǷǘ ȗǽ ƲǁǁǽȚǷȗ Ǘǽȍ ǁȍǽȐȐॺǁǞƲǷǷǋǱ ǶǡǘȍƲȗǡǽǷȐळ ǁǽǷȐȗǡॺ

ȗȚȗǡǷǘ Ʋ ੆ࣄलࣂ ॠࣂलࣆ੆ॡ ȍǋǱƲȗǡΑǋ ǇǋǁȍǋƲȐǋल bǞǡȐ ȍǋϱǋǁȗȐ ȗǞǋ ǶǡǘȍƲȗǡǽǷ ȍƲȗǋ ǽǗ 3! Ǉǋȗǋǁȗǽȍ ǁǞƲǷǷǋǱ ǋΑǋǷȗȐ

ǗȍǽǶ 2!SS ϮǇȚǁǡƲǱ ȍǋǘǡǽǷȐल bǞǋȍǋ ǡȐ Ʋ ǘȍǋƲȗǋȍ ǡǶȊȍǽΑǋǶǋǷȗ ǡǷ ȗǞǋ ƲǁǁǋȊȗƲǷǁǋ ǁǽȍȍǋǁȗǡǽǷ ǡǷ ȗǞǋ 2!SS

Ǉǋȗǋǁȗǽȍ ǁǞƲǷǷǋǱȐ ȐǡǷǁǋ ȗǞǋ ǶƲǡǷ ǋϥǋǁȗ ǡȐ ȗǞǋ ǶǡǘȍƲȗǡǽǷ ǽǗ ǋΑǋǷȗȐ ǡǷȗǽ ȗǞǋȐǋ ǗȍǽǶ 3! ϮǇȚǁǡƲǱ ȍǋǘǡǽǷȐल

/ȗ ǡȐ ǡǶȊǽȍȗƲǷȗ ȗǽ ǁǞǋǁǯ ȗǞƲȗ ȗǞǋ ȚǷǗǽǱǇǡǷǘ ȊǋȍǗǽȍǶƲǷǁǋ ǡȐ Ƿǽȗ ǷǋǘƲȗǡΑǋǱΘ ǡǶȊƲǁȗǋǇ ǀΘ ȐΘȐȗǋǶƲȗǡǁ

ȚǷǁǋȍȗƲǡǷȗǡǋȐ ȗǞƲȗ ǶƲΘ ǀǋ ǱƲȍǘǋȍ ΒǞǋǷ ǁȍǽȐȐॺǁǞƲǷǷǋǱ ǶǡǘȍƲȗǡǽǷȐ Ʋȍǋ ǋΗȊǱǡǁǡȗǱΘ ǶǽǇǋǱǱǋǇ Ǘǽȍ ȐǡǶȚǱȗƲॺ

ǷǋǽȚȐ ȚǷǗǽǱǇǡǷǘल [ȚǁǞ ǋϥǋǁȗȐ ǁǽȚǱǇ ΒƲȍȍƲǷȗ ȚǷǗǽǱǇǡǷǘ ǋƲǁǞ ǁǞƲǷǷǋǱ ǡǷǇǋȊǋǷǇǋǷȗǱΘल bǞǡȐ ǡȐ ǁǞǋǁǯǋǇ

ǀΘ ǁǽǶȊƲȍǡǷǘ ȗǞǋ ȚǷǗǽǱǇǋǇNǬǋȗȐ ǇǡȐȗȍǡǀȚȗǡǽǷ ǡǷ ȗǞǋ ȗΒǽ ǁƲȐǋȐ ΒǞǋǷ ȚǷǗǽǱǇǡǷǘ �ȐǡǶǽΑ ȊȐǋȚǇǽॺǇƲȗƲ

ǗȍǽǶ ƲǷ ƲǱȗǋȍǷƲȗǋ B� ȐǋȗȚȊ ॠB%ࣆ঱҇B�૦C=H ॡल � ȍǋȐȊǽǷȐǋ ǶƲȗȍǡΗ ǗȍǽǶ ȗǞǡȐ ƲǱȗǋȍǷƲȗǋ ȐǋȗȚȊ ǡȐ

ȊȍǽΑǡǇǋǇ ȗǽ ȗǞǋ Ϯȗ ǽǗNjets ƲȐ Ʋ ȐΘȐȗǋǶƲȗǡǁ ȚǷǁǋȍȗƲǡǷȗΘल bǞǋ ȚǷǗǽǱǇǋǇ ȍǋȐȚǱȗ ǡȐ ΑǋȍΘ ȐǡǶǡǱƲȍ ǀǋȗΒǋǋǷ

ȗǞǋ ȐǡǶȚǱȗƲǷǋǽȚȐ ƲǷǇ ǡǷǇǋȊǋǷǇǋǷȗ ϮȗȐ ƲǷǇ ȐǡǶȚǱȗƲǷǋǽȚȐ ȚǷǗǽǱǇǡǷǘ ǡȐ ȐǋǱǋǁȗǋǇ ƲȐ ȗǞǋ ǷǽǶǡǷƲǱ ȐȗȍƲȗॺ

ǋǘΘल
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FDOFXODWHG LQ 6KHUSD ������ZLWK (: FRUUHFWLRQV

ࣃঢࣁࣂ HҒӣҟӟӺ҇Ғӂҟӣ ҩӐӟ �ҲҩҩҟӟҟӉӪҲ҇ӂBҟ҇ӣӮӟҟӈҟӉӪӣ

� Ȑǋȗ ǽǗ ƲǀǽȚȗ ࣁࣅ ǽǀȐǋȍΑƲǀǱǋȐ Βǋȍǋ ǽȍǡǘǡǷƲǱǱΘ ǁǽǷȐǡǇǋȍǋǇ Ǘǽȍ ȚǷǗǽǱǇǡǷǘल /Ƿ ƲǇǇǡȗǡǽǷ ȗǽ ȗǞǋ ࣁࣂ ǽǀॺ

ȐǋȍΑƲǀǱǋȐ ǇǡȐǁȚȐȐǋǇ ǡǷ �ǞƲȊȗǋȍ ळࣈ ȗǞǋ ǱǡȐȗ ǡǷǁǱȚǇǋǇ ǯǡǷǋǶƲȗǡǁȐ ॠpT ƲǷǇ ηॡ Ǘǽȍ ƲǱǱ ǱǋȊȗǽǷȐ ǡǷ ȗǞǋ ǋΑǋǷȗळ

࣊ࣇࣂ



ǯǡǷǋǶƲȗǡǁȐ ǽǗ ȗǞǋ ǱǋƲǇǡǷǘ ȗΒǽ ǬǋȗȐळ ǯǡǷǋǶƲȗǡǁȐ ǽǗ ȗǞǋ ǱǋƲǇǡǷǘ bॺȗƲǘǘǋǇ Ǭǋȗळ ƲǷǇ ǶƲΗǡǶȚǶ |η| ǽǗ ƲǱǱ

ǱǋȊȗǽǷȐल HǀȐǋȍΑƲǀǱǋȐ ǗǽȍǶǋǇ ǗȍǽǶǶȚǱȗǡȊǱǋ ǽǀǬǋǁȗȐ ǡǷǁǱȚǇǋǇ |∆η|ळ |∆φ|ळ ƲǷǇM!! ǀǋȗΒǋǋǷ ƲǱǱ ǱǋȊॺ

ȗǽǷ ǁǽǶǀǡǷƲȗǡǽǷȐळ∆R ǀǋȗΒǋǋǷ ȗǞǋ ǱǋƲǇǡǷǘ ȗΒǽ ǬǋȗȐळ ǶǡǷǡǶȚǶ∆R ƲǶǽǷǘ ƲǱǱ ǱǋȊȗǽǷȐ ƲǷǇ ǬǋȗȐळ

Emiss
T ळ ƲǷǇ ΑǡȐǡǀǱǋHT ॠǇǋϮǷǋǇ ƲȐ ȗǞǋ ȐǁƲǱƲȍ pT ȐȚǶ ǽǗ ƲǱǱ ǱǋȊȗǽǷȐ ƲǷǇ bॺǬǋȗȐॡल $ǡǷƲǱǱΘळ Ʋ Ȑǋȗ ǽǗ ȗǞȍǋǋ

ȍǋǱƲȗǋǇ ǽǀȐǋȍΑƲǀǱǋȐ Βǋȍǋ ǇǋϮǷǋǇऴ ȗǞǋ ǶǽȐȗ ǗǽȍΒƲȍǇ Ǭǋȗ ॠǡǷǁǱȚǇǡǷǘ |ηǬǋȗ| < 4.5ॡळ ȗǞǋ ǶƲΗǡǶȚǶ ǇǡॺǬǋȗ

ǡǷΑƲȍǡƲǷȗ ǶƲȐȐ ǗǽȍǶǋǇ ΒǡȗǞ ȗǞǋ ǶǽȐȗ ǗǽȍΒƲȍǇ Ǭǋȗळ ƲǷǇ ȗǞǋ |∆η| ǀǋȗΒǋǋǷ ȗǞǋ ǬǋȗȐ ȗǞƲȗ ǗǽȍǶ ȗǞǋ ǶƲΗǡॺ

ǶȚǶMjj ल bǞǡȐ ǱǡȐȗ ǡȐ ȐǯǡǶǶǋǇ ȗǽ ȗǞǋ ǶǡǷǡǶȚǶ ǷȚǶǀǋȍ ǽǀȐǋȍΑƲǀǱǋȐ ȗǞƲȗ ǁƲȊȗȚȍǋ ȗǞǋ ǶǽȐȗ ȐƲǱǡǋǷȗ

ǗǋƲȗȚȍǋȐ ǽǗ tt̄W ȊȍǽǇȚǁȗǡǽǷ ƲǷǇ ǡȗȐ ǶǽǇǋǱǡǷǘल bǞǋ ϮǷƲǱ ȐǋǱǋǁȗǡǽǷ ǽǗ ࣁࣂ ǽǀȐǋȍΑƲǀǱǋȐ ΒǡǱǱ ȍǋȗƲǡǷ ȐǋǷॺ

ȐǡȗǡΑǡȗΘ ȗǽ �s ǁǽȍȍǋǁȗǡǽǷȐळ ǡǶȊǽȍȗƲǷǁǋ ǽǗ ǶȚǱȗǡॺǬǋȗ ǶǋȍǘǡǷǘ ǡǷ ǶǽǇǋǱǡǷǘ ƲǇǇǡȗǡǽǷƲǱ Ǭǋȗ ȊȍǽǇȚǁȗǡǽǷळ

ƲǷǇ ȊǞΘȐǡǁȐ ǽǗ ȗǞǋ tW+(t̄W−) ȐΘȐȗǋǶ ΑǡƲ [[ ǱǋȊȗǽǷȐल

� ǀǡǷ ǽȊȗǡǶǡΝƲȗǡǽǷ ȊȍǽǁǋǇȚȍǋ ǡȐ ƲǇǽȊȗǋǇ Ǘǽȍ ǽǀȐǋȍΑƲǀǱǋȐ ȗǞƲȗ ȗƲǯǋ ǁǽǷȗǡǷȚǽȚȐ ΑƲǱȚǋȐ ǡलǋल ƲǱǱ ǋΗॺ

ǁǱȚǇǡǷǘNॠǀॺॡǬǋȗȐल bǞǋ ȐƲǶǋ ǀǡǷǷǡǷǘ ǡȐ ǁǞǽȐǋǷ Ʋȗ ȗǞǋ ȊƲȍȗǡǁǱǋॺǱǋΑǋǱ ƲǷǇ ǇǋȗǋǁȗǽȍॺǱǋΑǋǱ Ǘǽȍ ȐǡǶȊǱǡǁǡȗΘ

ƲǷǇ ȗǽ ǋǷȐȚȍǋ ȗǞƲȗ ȗǞǋ ȚǷǗǽǱǇǋǇ ȍǋȐȚǱȗ ǡȐ Ƿǽȗ ȚǷǇǋȍॺǁǽǷȐȗȍƲǡǷǋǇळ ƲȐ ΒǽȚǱǇ ǀǋ ȗǞǋ ǁƲȐǋ ǡǗN�ǋȗ
ǀǡǷȐ <

N$ǡǇ
ǀǡǷȐ ΒǡȗǞǽȚȗ ƲǇǇǡȗǡǽǷƲǱǱΘ ǡǶȊǽȐǋǇ ǁǽǷȐȗȍƲǡǷȗȐल bǞǋ ǀǡǷǷǡǷǘ ȊȍǽǁǋǇȚȍǋ ȍǋȌȚǡȍǋȐ ȗǞƲȗ ȗǞǋ ȐȗƲȗǡȐȗǡǁƲǱ

ȚǷǁǋȍȗƲǡǷȗΘ ǽǗ ȗǞǋ ǋΗȊǋǁȗǋǇ ȐǡǘǷƲǱॺȊǱȚȐॺǀƲǁǯǘȍǽȚǷǇ ΘǡǋǱǇȐ ǡǷ ǋƲǁǞ ǀǡǷ Ʋȍǋ ǀǋǱǽΒ Ʋ ȐȊǋǁǡϮǋǇ ǶƲΗǡॺ

ǶȚǶ ƲǷǇ ȗǞƲȗ ȗǞǋ ǗȍƲǁȗǡǽǷ ǽǗ ǋΑǋǷȗȐ ǽǷ ȗǞǋ ǇǡƲǘǽǷƲǱ ǋǱǋǶǋǷȗ ǽǗ ȗǞǋ ǶǡǘȍƲȗǡǽǷ ǶƲȗȍǡΗ ǡȐ Ʋȗ ǱǋƲȐȗ ੆ࣁࣇ

ǽǗ ȗǞǋ ȗǽȗƲǱ ǷȚǶǀǋȍ ǽǗ ǋΑǋǷȗȐ ǡǷ ȗǞƲȗ ȊƲȍȗǡǁǱǋॺǱǋΑǋǱ ǀǡǷल bǞǋ ǶƲΗǡǶȚǶ ȐȗƲȗǡȐȗǡǁƲǱ ȚǷǁǋȍȗƲǡǷȗΘ ƲǁȍǽȐȐ

ȗǞǋ ǀǡǷȐ ǡȐ Ȑǋȗ ȗǽ ੆ळࣁࣂ ੆ळࣃࣂ ੆ळࣆࣂ ƲǷǇ ੆ࣇࣂ ǡǷ ȗǞǋ 2!SS + +ळ 2!SSॼळ 3!+ळ ƲǷǇ 3!ॺ ȍǋǘǡǽǷȐ ƲǷǇ Ʋȍǋ

ǽȊȗǡǶǡΝǋǇ ǡǷǇǋȊǋǷǇǋǷȗǱΘल bǞǋȐǋ ΑƲǱȚǋȐ Ʋȍǋ ȗȚǷǋǇ ǀΘ ǞƲǷǇ ƲǷǇ Ʋϥǋǁȗ ǽǀȐǋȍΑƲǀǱǋȐ ȗǞƲȗ ǞƲΑǋ ǱǽΒ ǽϥॺ

ǇǡƲǘǽǷƲǱ ǀǡǷ ǶǡǘȍƲȗǡǽǷȐ Ǘǽȍ ΒǞǡǁǞ ȗǞǋ ǶƲΗǡǶȚǶ ȐȗƲȗǡȐȗǡǁƲǱ ȚǷǁǋȍȗƲǡǷȗΘ ǋϥǋǁȗǡΑǋǱΘ ǁǽǷȗȍǽǱȐ ȗǞǋ ǷȚǶॺ

ǀǋȍ ǽǗ ϮǷƲǱ ǀǡǷȐल [ǡǷǁǋ ȗǞǋ ƲǗǽȍǋǶǋǷȗǡǽǷǋǇ ȍǋǘǡǽǷȐ ǞƲΑǋ ǇǋǁȍǋƲȐǡǷǘ ǋΗȊǋǁȗǋǇ ǋΑǋǷȗ ΘǡǋǱǇȐळ Ʋ ΑƲȍǡƲǀǱǋ

ǶƲΗǡǶȚǶ ǋǷȐȚȍǋȐ Ʋ ȐǡǶǡǱƲȍ ǷȚǶǀǋȍ ǽǗ ǀǡǷȐ ǀǋȗΒǋǋǷ ȍǋǘǡǽǷȐल �Ǘȗǋȍ ȗǞǋ ƲǱǘǽȍǡȗǞǶ ǡȐ ȍȚǷळ ȗǞǋ ϮǷƲǱ

ࣁࣈࣂ



ǀǡǷǷǡǷǘ ǡȐ ȗǞǋǷ ȍǽȚǷǇǋǇ ǀΘ ǞƲǷǇ Ȑǽ ȗǞƲȗ ȗǞǋ 2!SS ƲǷǇ 3! ȍǋǘǡǽǷȐ ȚȐǋ ȗǞǋ ȐƲǶǋ ǀǡǷǷǡǷǘ ǀǋȗΒǋǋǷ ȗǞǋ

ǁǞƲȍǘǋॺȐȊǱǡȗ ȍǋǘǡǽǷȐल

bǞǋ ǽȊȗǡǶǡΝƲȗǡǽǷ ȊȍǽǁǋǇȚȍǋ ǀǋǘǡǷȐ ǀΘ ǁƲǱǁȚǱƲȗǡǷǘ Ʋ ǞǡȐȗǽǘȍƲǶ Ǘǽȍ ǋƲǁǞ ǽǀȐǋȍΑƲǀǱǋ ǽΑǋȍ Ʋ ȍƲǷǘǋ

ȗǞƲȗ ǁǽΑǋȍȐ ȗǞǋ ǗȚǱǱ ȊǞƲȐǋ ȐȊƲǁǋ ΒǡȗǞ ࣁࣁࣃ ǀǡǷȐ ǽǗ ȚǷǡǗǽȍǶ ΒǡǇȗǞल � ȐǋǁǽǷǇ ȐȗǋȊ ǡȐ ȊǋȍǗǽȍǶǋǇ ΒǞǋȍǋ

ȗǞǋ ǽǀȐǋȍΑƲǀǱǋ ǡȐ ȍǋॺǀǡǷǷǋǇ ȚǷǡǗǽȍǶǱΘ ΒǡȗǞ ࣁࣁࣃ ǀǡǷȐ ǡǷ ȗǞǋ ǁȚǶȚǱƲȗǡΑǋ ǇǡȐȗȍǡǀȚȗǡǽǷ ǽǗ ǋΗȊǋǁȗǋǇ

ǋΑǋǷȗȐळ ΘǡǋǱǇǡǷǘ ǀǡǷȐ ȗǞƲȗ ǁƲȊȗȚȍǋ Ʋ ȍǽȚǘǞǱΘ ǋȌȚƲǱ ǗȍƲǁȗǡǽǷ ǽǗ ȗǞǋ ȊǞƲȐǋ ȐȊƲǁǋल bǞǡȐ ƲǇƲȊȗǡΑǋ ǀǡǷǷǡǷǘ

ȐȗǋȊ ƲǱǱǽΒȐ Ʋ ϮǷǋ ǀǡǷǷǡǷǘ ȗǽ ǀǋ ȚȐǋǇ ǡǷ ǇǋǷȐǋ ȍǋǘǡǽǷȐ ǽǗ ȊǞƲȐǋ ȐȊƲǁǋ ƲǷǇ ǁǽƲȍȐǋ ǀǡǷǷǡǷǘ ǡǷ ȚǷǇǋȍॺ

ȊǽȊȚǱƲȗǋǇ ȍǋǘǡǽǷȐल bǞǡȐ ȍǋǇȚǁǋȐ ȊǽȐȐǡǀǱǋ ȐǋǷȐǡȗǡΑǡȗΘ ȗǽ ǱǡǶǡȗǋǇB� ȐȗƲȗǡȐȗǡǁȐ ǡǷ ȐȊƲȍȐǋǱΘ ȊǽȊȚǱƲȗǋǇ

ȍǋǘǡǽǷȐ ǽǗ ȊǞƲȐǋ ȐȊƲǁǋल bǞǋȐǋ ǀǡǷȐ Ʋȍǋ ȐǋȌȚǋǷȗǡƲǱǱΘ ǶǋȍǘǋǇ ǗȍǽǶ ǱǋǗȗ ȗǽ ȍǡǘǞȗ ॠǡǷ ǡǷǁȍǋƲȐǡǷǘ ΑƲǱȚǋ ǽǗ

ȗǞǋ ǽǀȐǋȍΑƲǀǱǋॡ ȚǷȗǡǱ ȗǞǋ ǶǋȍǘǋǇ ǀǡǷ ȐƲȗǡȐϮǋȐ ȗǞǋ ǀǡǷ ǁȍǡȗǋȍǡƲ ǇǋȗƲǡǱǋǇ ƲǀǽΑǋल $ǡǘȚȍǋ ल࣊ࣁࣂ ǡǱǱȚȐȗȍƲȗǋȐ

ȗǞǋ ȐȗǋȊȐ ǽǗ ȗǞǋ ȊȍǽǁǋǇȚȍǋ Ǘǽȍ Ʋ ȐǡǷǘǱǋ ǽǀȐǋȍΑƲǀǱǋल bǞǋ ϮǷƲǱ Ȑǋȗ ǽǗ ǽǀȐǋȍΑƲǀǱǋȐ ƲǷǇ ȗǞǋǡȍ ǀǡǷ ǇǋϮǷǡॺ

ȗǡǽǷȐ Ʋȍǋ ǘǡΑǋǷ ǡǷ bƲǀǱǋ लࣂलࣁࣂ

bǞǋ ǁǞǽǡǁǋ ǽǗ ǋǷǇȊǽǡǷȗȐ ǡȐ ȗǞǋ ǽǷǱΘ ȍǋǱǋΑƲǷȗ ǁǞǽǡǁǋ ǗǽȍNjets ƲǷǇNb−jetsळ ƲȐ ȗǞǋǡȍ ǇǡȐǁȍǋȗǋ ΑƲǱȚǋȐ

ǷƲȗȚȍƲǱǱΘ ϮΗ ȗǞǋ ǀǡǷ ΒǡǇȗǞल tt̄W ȊȍǽǇȚǁȗǡǽǷ ǡǷΑǽǱΑǋȐ ࣃ ǱǡǘǞȗ ǬǋȗȐ ƲǷǇ ࣃ bॺǬǋȗȐ ǡǷ 2![[ ǋΑǋǷȗȐ ƲǷǇ

ǽǷǱΘ ࣃ bॺǬǋȗȐ ǡǷ 3!ल bǞǡȐ ǶǽȗǡΑƲȗǋȐ ȗǞǋ ǱǽΒǋȍ ǀǽȚǷǇ ǽǗ ࣃ ƲǷǇ ࣂ ǬǋȗȐ Ǘǽȍ 2![[ ƲǷǇ 3!ळ ȍǋȐȊǋǁȗǡΑǋǱΘळ ƲȐ

Ǭǋȗ ȍǋǁǽǷȐȗȍȚǁȗǡǽǷ ǡǷǋϨǁǡǋǷǁǡǋȐ ǱǋƲǇ ȗǽ ȗǞǋȐǋ ǀǡǷȐ ǀǋǡǷǘ ȊǽȊȚǱƲȗǋǇ ǀΘ tt̄W ǋΑǋǷȗȐल [ǡǶǡǱƲȍǱΘळ ȗǞǋ

ǱǽΒǋȍ ǀǽȚǷǇ ǽǗNb−jets ǡȐ Ȑǋȗ ȗǽ लࣂ bǞǋ ȚȊȊǋȍ ǀǽȚǷǇȐ ǽǗNjets ǡǷ 2![[ ƲǷǇ 3! ǡȐ ƲȐ ǱƲȍǘǋ ƲȐ ȊǽȐȐǡǀǱǋ

ƲǷǇ ǡȐ ǱǡǶǡȗǋǇ ǀΘ ȗǞǋ S/B ȍƲȗǡǽळ ΒǞǡǁǞ ǀǋǁǽǶǋȐ ǇǽǶǡǷƲȗǋǇ ǀΘ tt̄Z ƲǷǇ tt̄H Ʋȗ ǞǡǘǞ ǶȚǱȗǡȊǱǡǁǡȗǡǋȐल

bǞǋNb−jets = 3 ǀǡǷ ǁƲǷ ǀǋ ȚǷǗǽǱǇǋǇ ǡǷ 2![[ ǁǞƲǷǷǋǱȐळ ǀȚȗ ȗǞǡȐ ǀǡǷ ǡǷ 3! ǡȐ ǇǽǶǡǷƲȗǋǇ ǀΘ tt̄tt̄

ȊȍǽǇȚǁȗǡǽǷ ƲǷǇ Ȑǽ ǡȐ ǶǋȍǘǋǇ ΒǡȗǞ ȗǞǋNb−jets = 2 ǀǡǷल

$ǡǘȚȍǋȐ ࣊ࣂलࣁࣂॺࣁࣂलࣁࣂ ȐǞǽΒ ȗǞǋ ǶǡǘȍƲȗǡǽǷ ǶƲȗȍǡǁǋȐळ ƲǁǁǋȊȗƲǷǁǋळ ƲǷǇ ǋϨǁǡǋǷǁǡǋȐ Ǘǽȍ ǋƲǁǞ ȚǷǗǽǱǇǋǇ

ǽǀȐǋȍΑƲǀǱǋल $ǽȍ ǶǽȐȗ ǽǀȐǋȍΑƲǀǱǋȐ ȗǞǋȍǋ ǡȐ Ʋ ȍƲǶȊǡǷǘ ȚȊ ǽǗ ǋϨǁǡǋǷǁΘ ȗǞƲȗ ȍǋƲǁǞǋȐ Ʋ ȊǱƲȗǋƲȚ ǡǷ ȗǞǋ

ࣂࣈࣂ
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)LJXUH ����� ,OOXVWUDWLRQ RI ELQQLQJ RSWLPLVDWLRQ SURFHGXUH IRU pT,j0 LQ WKH 2!SS + + FKDQQHO� 7RS URZ IURP

OHIW WR ULJKW� LQLWLDO ĆQH ELQQLQJ IRU tt̄W DW GHWHFWRU OHYHO� PLJUDWLRQPDWUL[ ZLWK ĆQH ELQQLQJ� tt̄W GLVWULEXWLRQ

ZLWK DGDSWLYH ELQQLQJ� PLJUDWLRQPDWUL[ ZLWK DGDSWLYH ELQQLQJ� %RWWRP URZ IURP OHIW WR ULJKW� VWDWLVWLFDO XQFHU�

WDLQW\ RQ 6�% IRU WKHPHUJHG ELQQLQJ� GLDJRQDO IUDFWLRQ RI PLJUDWLRQPDWUL[ ZLWKPHUJHG ELQQLQJ� 6�% GLVWULEX�

WLRQ ZLWKPHUJHG ELQQLQJ� PLJUDWLRQPDWUL[ ZLWKPHUJHG ELQQLQJ� %LQPHUJLQJ IRU WKLV YDULDEOH LV GRPLQDWHG E\

GHWHFWRU UHVROXWLRQ�

ȊǞƲȐǋ ȐȊƲǁǋ ΒǞǋȍǋ ǇǽΒǷΒƲȍǇ ǶǡǘȍƲȗǡǽǷȐ ǞƲΑǋ ǱǡȗȗǱǋ ǋϥǋǁȗ ǽǷ ȗǞǋ ǋΑǋǷȗ ǀǋǡǷǘ ƲǁǁǋȊȗǋǇ ǡǷȗǽ Ʋ Ǉǋȗǋǁȗǽȍॺ

ǱǋΑǋǱ ȐǡǘǷƲǱ ȍǋǘǡǽǷल BǡǘȍƲȗǡǽǷ ǶƲȗȍǡǁǋȐ Ʋȍǋ ǶǽȐȗǱΘ ǇǡƲǘǽǷƲǱ ΒǡȗǞ ȐǱǡǘǞȗ ƲȐΘǶǶǋȗȍǡǋȐ ǡǷ ȗǞǋ ǇǽΒǷΒƲȍǇ

ǇǡȍǋǁȗǡǽǷ ǇȚǋ ȗǽ ƲȐΘǶǶǋȗȍǡǁ ǱǽȐȐǋȐ ǡǷ ǇǋȗǋǁȗǡǽǷ ƲǷǇ ȍǋǁǽǷȐȗȍȚǁȗǡǽǷल �ǷǘȚǱƲȍ ΑƲȍǡƲǀǱǋȐ ƲǷǇ ǱǋȊȗǽǷǡǁ

ΑƲȍǡƲǀǱǋȐ ǘǋǷǋȍƲǱǱΘ ǞƲΑǋ Ƕǽȍǋ ǇǡƲǘǽǷƲǱ ǶǡǘȍƲȗǡǽǷȐ ȗǞƲǷ ǶǽǶǋǷȗȚǶ ƲǷǇ Ǭǋȗ ΑƲȍǡƲǀǱǋȐ ǇȚǋ ȗǽ ȗǞǋ Ȋȍǋॺ

ǁǡȐǡǽǷ ǽǗ ȗǞǋǡȍ ȍǋǁǽǷȐȗȍȚǁȗǡǽǷल bǞǋ ǋϨǁǡǋǷǁǡǋȐ ǡǷ 3! ϮǇȚǁǡƲǱ ȍǋǘǡǽǷȐ ǡȐ ȚȊ ȗǽ ੆ࣆ ǞǡǘǞǋȍ ȗǞƲǷ 2![[

ȍǋǘǡǽǷȐ ȊƲȍȗǡƲǱǱΘ ǀǋǁƲȚȐǋ ǽǗ ȗǞǋ ǁǽǷȐȗȍȚǁȗǡǽǷ ǽǗ ȗǞǋ ǋΗȗǋǷǇǋǇ ȍǋȐȊǽǷȐǋ ǶƲȗȍǡΗल bǞǡȐ ǡȐ ƲǱȐǽ ǇȚǋ ǡǷ

ȊƲȍȗ ȗǽ ȗǞǋ ǞǡǘǞǋȍ ȍǋǁǽǷȐȗȍȚǁȗǡǽǷ ǋϨǁǡǋǷǁΘ ǽǗ ǱǋȊȗǽǷȐ ȗǞƲǷ ǬǋȗȐ ƲǷǇ 3! tt̄W ȊȍǽǇȚǁȗǡǽǷ ǡǷΑǽǱΑǋȐ

ǗǋΒǋȍ ǬǋȗȐल bǞǋ ƲǁǁǋȊȗƲǷǁǋ ǇǡϥǋȍǋǷǁǋȐ ƲǁȍǽȐȐ 3! ǁǞƲǷǷǋǱȐ ȐȊǱǡȗ ǀΘ ȗǞǋ ǷȚǶǀǋȍ ǽǗ [$H[ ǱǋȊȗǽǷȐ ǡȐ ǇȚǋ

ȗǽ ȗǞǋ Αǋȗǽ ǽǷ [$H[ ǱǋȊȗǽǷȐ ΒǡȗǞǡǷ ࣁࣂ %ǋq ǽǗMZ ळ ȐȚǁǞ ȗǞƲȗ ǗǋΒǋȍ tt̄W ǋΑǋǷȗȐ Ʋȍǋ ƲǁǁǋȊȗǋǇ ΒǡȗǞ

ǡǷǁȍǋƲȐǡǷǘ ǷȚǶǀǋȍȐ ǽǗ [$H[ ȊƲǡȍȐल

ࣃࣈࣂ



7DEOH ����� %LQQLQJ IRU ĆQDO VHW RI REVHUYDEOHV WR EH XQIROGHG

HǀȐǋȍΑƲǀǱǋ XǋǘǡǽǷ �ǡǷǷǡǷǘ
NǬǋȗȐ 2"SS ।ࣃळ ळࣄ ळࣅ ळࣆ ळࣇ ळࣈ ॥ࣉ

3" ।ࣂळ ळࣃ ळࣄ ळࣅ ळࣆ ॥ࣇ
NǀॺǬǋȗȐ 2"SS ।ࣂळ ळࣃ ळࣄ ॥ࣅ

3" ।ࣂळ ळࣃ ॥ࣄ
H

ǱǋȊ
T ।%ǋq॥ 2"SS ।ࣁࣅळ ळࣁࣈ ळࣆࣉ ळࣁࣁࣂ ळࣆࣂࣂ ळࣁࣄࣂ ळࣁࣆࣂ ळࣁࣉࣂ ॥ࣁࣃࣃ

3" ।ࣁࣅळ ळࣆࣂࣂ ळࣆࣅࣂ ळࣁࣈࣂ ळࣁࣁࣃ ळࣆࣅࣃ ॥ࣆࣃࣄ
H

Ǭǋȗ
T ।%ǋq॥ 2"SS ।ࣁࣆळ ळࣆࣄࣂ ळࣆࣉࣂ ळࣆࣅࣃ ळࣆࣁࣄ ळࣆࣈࣄ ॥ࣁࣁࣆ

3" ।ࣁࣆळ ळࣁࣂࣂ ळࣆࣇࣂ ळࣆࣃࣃ ळࣁࣁࣄ ॥ࣁࣁࣅ
|∆η![[0 ![[0 | 2"SS ।ࣁलࣁळ ळࣃलࣁ ळࣅलࣁ ळࣆࣇलࣁ ल࣊ळࣁ ळࣃलࣂ ळࣇलࣂ ॥ࣁलࣃ

3" ।ࣁलࣁळ ळࣆࣃलࣁ ळࣆलࣁ ळࣉलࣁ ळࣂलࣂ ळࣆलࣂ ॥ࣁलࣃ
|∆φ![[0 !H[ |/π 2"SS ।ࣁलࣁळ ॥ࣂलࣁ

3" ।ࣁलࣁळ ळࣃलࣁ ळࣅलࣁ ळࣆࣆलࣁ ळࣈलࣁ ळࣆࣉलࣁ ॥ࣁलࣂ
M![[0 !

[[
1
।%ǋq॥ 2"SS ।ࣁळ ळࣅࣅ ळࣆࣇ ळࣆࣉ ळࣆࣁࣂ ळࣆࣃࣂ ळࣆࣅࣂ ळࣁࣉࣂ ॥ࣁࣃࣃ

3" ।ࣁळ ळࣁࣆ ळࣆࣈ ळࣁࣁࣂ ळࣆࣃࣂ ळࣁࣇࣂ ॥ࣁࣁࣃ
∆R("0, b0) 2"SS ।ࣁलࣁळ ल࣊ळࣁ ळࣅलࣂ ळࣉलࣂ ळࣃलࣃ ळࣆࣆलࣃ ळࣆࣉलࣃ ळࣂलࣄ ॥ࣁलࣅ

3" ।ࣁलࣁळ ळࣂलࣂ ळࣆࣈलࣂ ळࣄलࣃ ळࣈलࣃ ळࣁलࣄ ॥ࣁलࣅ
Mj0j1 ।%ǋq॥ 2"SS ।ࣃࣂळ ळࣁ࣊ ळࣁࣃࣂ ळࣆࣇࣂ ळࣆࣃࣃ ळࣁࣁࣄ ळࣁࣁࣅ ॥ࣁࣁࣇ

3" ।ࣆࣂळ ळࣁࣉ ळࣁࣄࣂ ळࣁ࣊ࣂ ळࣁࣆࣃ ळࣁࣉࣄ ॥ࣁࣁࣇ
M!0b0 ।%ǋq॥ 2"SS ।ࣃࣂळ ळࣁࣈ ळࣁࣁࣂ ळࣁࣄࣂ ळࣁࣉࣂ ळࣁࣆࣃ ॥ࣁࣁࣇ

3" ।ࣆࣂळ ळࣁ࣊ ळࣁࣃࣂ ळࣆࣆࣂ ळࣆࣂࣃ ळࣁࣁࣄ ॥ࣁࣁࣇ
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)LJXUH ������ &RPSRQHQWV RI UHVSRQVHPDWUL[ IRUNMHWV� 7KH HIĆFLHQF\ LQ WKH ĆUVW ELQ RI WKH 3! FKDQQHOV LV
UHGXFHG VLQFH WKLV MHW PXVW EH b�WDJJHG� (IĆFLHQF\ LQ WKH 2!66 FKDQQHO LQFUHDVHV ZLWKNjets DV DQ LQFUHDVLQJ

QXPEHU RI MHWV PXVW IDLO WR EH UHFRQVWUXFWHG LQ RUGHU WR IDLO WKH HYHQW VHOHFWLRQ� 7KHUH LV D GHFUHDVH LQ HIĆFLHQF\

ZLWKNjets PRVW OLNHO\ GXH WRPRUH SUREDEOH OHSWRQ UHPRYDO LQ WKH25 SURFHGXUH�
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bǞǋ ǶǋȗǞǽǇ ǽǗ /�e ǁǽǷǁǋȊȗȚƲǱǱΘ ȍǋǱǡǋȐ ǽǷ �ƲΘǋȐঌ ȗǞǋǽȍǋǶळ ΒǞǡǁǞ ȊȍǽΑǡǇǋȐ Ʋ ǶƲȗǞǋǶƲȗǡǁƲǱ ǗǽȍǶƲǱॺ

ǡȐǶ Ǘǽȍ ȚȊǇƲȗǡǷǘ Ʋ ȊȍǽǀƲǀǡǱǡȗΘ ǇǡȐȗȍǡǀȚȗǡǽǷ ǡǷ ǱǡǘǞȗ ǽǗ ǷǋΒ ǇƲȗƲल bǞǋ ƲǱǘǽȍǡȗǞǶ ǡȗǋȍƲȗǡΑǋǱΘ ȚȊǇƲȗǋȐ Ʋ

Ȋȍǡǽȍ B� ǋȐȗǡǶƲȗǋ Ǘǽȍ Ʋ ǘǡΑǋǷ ǽǀȐǋȍΑƲǀǱǋ ǡǷ ǱǡǘǞȗ ǽǗ ǶǋƲȐȚȍǋǇ ǇƲȗƲ ΑǡƲ
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ΒǞǋȍǋUn
j ǡȐ ȗǞǋ jȗǞ ȗȍȚȗǞॺǱǋΑǋǱ ǀǡǷ ǽǗ ȗǞǋ ȚǷǗǽǱǇǋǇ ǇǡȐȗȍǡǀȚȗǡǽǷ ƲǗȗǋȍ n ǡȗǋȍƲȗǡǽǷȐळDi ǡȐ ȗǞǋ ǽǀॺ

ȐǋȍΑǋǇ ǇƲȗƲ ƲǗȗǋȍ ǀƲǁǯǘȍǽȚǷǇ ȐȚǀȗȍƲǁȗǡǽǷ ǡǷ ȗǞǋ iȗǞ ǇǋȗǋǁȗǽȍॺǱǋΑǋǱ ǀǡǷळ αi ǡȐ ȗǞǋ ƲǁǁǋȊȗƲǷǁǋ ǽǗ ȗǞǋ iȗǞ

ǇǋȗǋǁȗǽȍॺǱǋΑǋǱ ǀǡǷळ ƲǷǇMij ǡȐ ȗǞǋ ǶǡǘȍƲȗǡǽǷ ǶƲȗȍǡΗ ǘǡΑǡǷǘ ȗǞǋ ǗȍƲǁȗǡǽǷ ǽǗ ǋΑǋǷȗȐ ǡǷ ȗǞǋ jȗǞ ȗȍȚȗǞॺǱǋΑǋǱ

ǀǡǷ ȗǞƲȗ ǶǡǘȍƲȗǋ ǡǷȗǽ ȗǞǋ iȗǞ ǇǋȗǋǁȗǽȍॺǱǋΑǋǱ ǀǡǷल bǞǋ ǗȍƲǁȗǡǽǷ ǡǷ ȗǞǋ ȐȚǶǶƲȗǡǽǷ ǁƲǷ ǀǋ ȚǷǇǋȍȐȗǽǽǇ ƲȐ
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ࣈࣈࣂ
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ǀǽȚȍǡǷǘ ǀǡǷȐळ ΒǞǡǁǞ ǡȐ ȗǞǋ ǶƲǷǡǗǋȐȗƲȗǡǽǷ ǽǗ ȗǞǋ ȗΘȊǡǁƲǱ ǡȐȐȚǋ ǽǗ ȚǷȍǋǘȚǱƲȍǡΝǋǇ ȚǷǗǽǱǇǡǷǘल eǷȍǋǘȚॺ

ǱƲȍǡΝǋǇ U=e ǡȐ ǶƲȗǞǋǶƲȗǡǁƲǱǱΘ ǋȌȚǡΑƲǱǋǷȗ ȗǽ ǶƲȗȍǡΗ ǡǷΑǋȍȐǡǽǷल XǋǘȚǱƲȍǡΝƲȗǡǽǷ ǡȐ ǡǶȊǽȐǋǇ ΒǡȗǞ Ʋ Ȑǋȗ

ǽǗ bǡǯǞǽǷǽΑ ȊƲȍƲǶǋȗǋȍȐ τj ǡǷ ȗǞǋ ǱǡǯǋǱǡǞǽǽǇ ǗȚǷǁȗǡǽǷ ǇǋϮǷǋǇ Ǘǽȍ ȗǞǋ Ϯȗल bǞǋ ϮȍȐȗ ǽǗ ȗΒǽ ǽȊȗǡǽǷȐ

ǁȚȍȍǋǷȗǱΘ ƲΑƲǡǱƲǀǱǋ ǡǷ bX�ӽ$ҲӪӪҟӟ ǡǶȊǽȐǋȐ ǁǽǷȐȗȍƲǡǷȗȐ ǽǷ ȗǞǋ ǡǷǇǡΑǡǇȚƲǱ ȗȍȚȗǞ ǀǡǷ C$Ȑऴ

L′(%θ, %µ) = L(%θ)×
NǀǡǷȐ∏

j=1

%ƲȚȐ (µj | 1, 1/τj) ॠࣁࣂलࣄॡ

bǞǋ ȐǋǁǽǷǇ ǡǶȊǽȐǋȐ Ʋ ǁǽǷȐȗȍƲǡǷȗ ǀƲȐǋǇ ǽǷ ȗǞǋ ǇǡȐǁȍǋȗǋ ȐǋǁǽǷǇ ǇǋȍǡΑƲȗǡΑǋ ǽǗ ȗǞǋ C$Ȑऴ

L′(%θ, %µ) = L(%θ)×
NǀǡǷȐ−1∏

j=2

%ƲȚȐ (µj−1 − 2µj + µj+1 | 0, 1/τj)

≡ L(%θ)×
NǀǡǷȐ−1∏

j=2

%ƲȚȐ (∆µj −∆µj+1 | 0, 1/τj)

ॠࣁࣂलࣅॡ

bǞǋ ȐǋǁǽǷǇ ǗǽȍǶ ǽǗ ȍǋǘȚǱƲȍǡΝƲȗǡǽǷ ǡȐ ȗǞǋ Ƕǽȍǋ ǷƲȗȚȍƲǱ ǁǞǽǡǁǋ ǀǋǁƲȚȐǋ ǡȗ ǋǷǗǽȍǁǋȐ ȐǶǽǽȗǞǷǋȐȐ ǡǷ ȗǞǋ

ȚǷǗǽǱǇǋǇ ǇǡȐȗȍǡǀȚȗǡǽǷ ǀΘ ǡǶȊǽȐǡǷǘ Ʋ ǱǡǷǋƲȍǡȗΘ ǁǽǷȐȗȍƲǡǷȗ ǽǷ ȗǞǋ µj C$Ȑल /Ƿ ǽȗǞǋȍ ΒǽȍǇȐळ ƲȐ τj ǡǷॺ

ǁȍǋƲȐǋȐळ ȗǞǋ ƲǱǱǽΒǋǇ ǇǡϥǋȍǋǷǁǋ ǡǷ ȐǱǽȊǋ ǽǗ ȗǞǋ µj C$Ȑ ƲȍǽȚǷǇ ǀǡǷ j ǡȐ ǁǽǷȐȗȍƲǡǷǋǇल /ȗ ǡȐ ȗǞǋȍǋǗǽȍǋ

ȚǷǀǡƲȐǋǇ ƲǘƲǡǷȐȗ ΝǋȍǽȗǞ ƲǷǇ ϮȍȐȗ ǽȍǇǋȍ ǇǡϥǋȍǋǷǁǋȐ ǀǋȗΒǋǋǷ ǇƲȗƲ ƲǷǇ ȗǞǋ Ȋȍǡǽȍ Ǘǽȍ ȗǞǋ ȐǡǘǷƲǱ ǇǡȐȗȍǡǀȚॺ

ȗǡǽǷळ ǡलǋल ǷǽȍǶƲǱǡΝƲȗǡǽǷ ƲǷǇ ǱǡǷǋƲȍ ȐǞƲȊǋ ǋϥǋǁȗȐल /Ƿ ȗǞǋ ǱǡǶǡȗ ǽǗ ǡǷϮǷǡȗǋǱΘ ǱƲȍǘǋ τ ळ ȗǞǋ ϮȍȐȗ ȍǋǘȚǱƲȍǡȐƲॺ

ȗǡǽǷ ǶǋȗǞǽǇ ϮΗǋȐ ȗǞǋ ȚǷǗǽǱǇǋǇ ǇǡȐȗȍǡǀȚȗǡǽǷ ȗǽ ȗǞǋ Ȋȍǡǽȍ ǇǡȐȗȍǡǀȚȗǡǽǷळ ΒǞǋȍǋƲȐ ȗǞǋ ȐǋǁǽǷǇ ǶǋȗǞǽǇ

ǡȐ ǋȌȚǡΑƲǱǋǷȗ ȗǽ Ʋ ǱǡǷǋƲȍ ȊƲȍƲǶǋȗȍǡǁ ȚǷǗǽǱǇǡǷǘल � ǁǞǽǡǁǋ ǽǗ ȍǋǘȚǱƲȍǡΝƲȗǡǽǷ ΒǡȗǞ ǶǽǇǋȍƲȗǋ ȐȗȍǋǷǘȗǞ

ࣉࣈࣂ



ΒǡǱǱ ǗƲǁǡǱǡȗƲȗǋ ȚǷǗǽǱǇǡǷǘ ȐǋǷȐǡȗǡΑǋ ȗǽ ȐǽǶǋ ǞǡǘǞǋȍ ǽȍǇǋȍ ȐǞƲȊǋ ǋϥǋǁȗȐ ǡǷ ǇƲȗƲ ΒǞǡǱǋ ȍǋǶƲǡǷǡǷǘ ȍǽǀȚȐȗ

ƲǘƲǡǷȐȗ ȍƲǷǇǽǶ ȐȗƲȗǡȐȗǡǁƲǱ ϱȚǁȗȚƲȗǡǽǷȐल [ǋǁǽǷǇ ǇǋȍǡΑƲȗǡΑǋ ǁǽǷȐȗȍƲǡǷȗȐ Ʋȍǋ ȊȍǋǗǋȍȍǋǇ ǇȚǋ ȗǽ ǇǋǁȍǋƲȐǋǇ

ȍǡȐǯ ǽǗ ȐȗȍǽǷǘ ǀǡƲȐ ।ࣁࣇࣂ॥ल bǞǡȐ ǡȐ ǁȍǡȗǡǁƲǱ Ǘǽȍ ȗǞǋ tt̄W ǶǋƲȐȚȍǋǶǋǷȗ ǀǋǁƲȚȐǋ ǡȗ ǡȐ ǯǷǽΒǷ ȗǽ ǞƲΑǋ ǱƲȍǘǋ

ǷǽȍǶƲǱǡΝƲȗǡǽǷ ǇǡϥǋȍǋǷǁǋȐ ǡǷ ǇƲȗƲ ΑȐल B�लsǋ ƲǇǽȊȗ ȗǞǋ ȐǋǁǽǷǇ ǇǋȍǡΑƲȗǡΑǋ ȍǋǘȚǱƲȍǡΝƲȗǡǽǷ Ǘǽȍ ƲǱǱ ȚǷॺ

ǗǽǱǇǋǇ ǽǀȐǋȍΑƲǀǱǋȐल �ǷǽȗǞǋȍ ǡǶȊǽȍȗƲǷȗ ǗǋƲȗȚȍǋ ǽǗ bǡǯǞƲǷǽΑ ȍǋǘȚǱƲȍǡΝƲȗǡǽǷ ǡȐ ȗǞƲȗ τj ǁƲǷ ǀǋ ǁǞǽȐǋǷ

ǇǡϥǋȍǋǷȗǱΘ ǀǡǷॺǀΘॺǀǡǷळ ΒǞǋȍǋƲȐ ǽǷǱΘ Ʋ ȐǡǷǘǱǋ ǁǞǽǡǁǋ ǽǗNǡȗǋȍƲȗǡǽǷȐ ǁƲǷ ǀǋ ȗȚǷǋǇ Ǘǽȍ /�eल bǞǡȐ ǡȐ ǡǶȊǽȍॺ

ȗƲǷȗ Ǘǽȍ ȗǞǋ ȐǡǶȚǱȗƲǷǋǽȚȐ ȚǷǗǽǱǇǡǷǘ ǽǗ ǶȚǱȗǡȊǱǋ ϮǇȚǁǡƲǱ ȍǋǘǡǽǷȐ ǡǷ tt̄W ळ ȐǡǷǁǋ ȍǋǘȚǱƲȍǡΝƲȗǡǽǷ ȐǞǽȚǱǇ

Ƿǽȗ ȐǶǽǽȗǞ ȗǞǋ ǀǽȚǷǇƲȍΘ ǀǋȗΒǋǋǷ ȍǋǘǡǽǷȐल

[ΘȐȗǋǶƲȗǡǁ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ʋȍǋ ǡǷǁǱȚǇǋǇ ǡǷ ȗǞǋ ǗǽȍǶ ǽǗ ƲǱȗǋȍǷƲȗǋ ȍǋȐȊǽǷȐǋ ǶƲȗȍǡǁǋȐल bǞǋȐǋ Ʋȍǋ ȚȐǋǇ

ȗǽ ǗǽǱǇ ȗǞǋ ȊƲȍȗǡǁǱǋॺǱǋΑǋǱ ȗǋǶȊǱƲȗǋ ȗǽ ȗǞǋ ǇǋȗǋǁȗǽȍॺǱǋΑǋǱल bǞǋ ǇǡϥǋȍǋǷǁǋȐ ǀǋȗΒǋǋǷ ȗǞǡȐ ǗǽȍΒƲȍǇॺǗǽǱǇǋǇ

ȗǋǶȊǱƲȗǋ ƲǷǇ ȗǞƲȗ ǽǀȗƲǡǷǋǇ ΑǡƲ ȗǞǋ ǷǽǶǡǷƲǱ ȍǋȐȊǽǷȐǋ ǶƲȗȍǡΗ ǡȐ ȗƲǯǋǷ ƲȐ Ʋ ȐΘȐȗǋǶƲȗǡǁ ȚǷǁǋȍȗƲǡǷȗΘ

Ʋȗ ȗǞǋ ǇǋȗǋǁȗǽȍॺǱǋΑǋǱल XǋȐȊǽǷȐǋ ǶƲȗȍǡǁǋȐ ǁƲǷ ǀǋ ȊȍǽΑǡǇǋǇ Ǘǽȍ ǽǷǋॺȐǡǇǋǇ ǽȍ ȗΒǽॺȐǡǇǋǇ ȚǷǁǋȍȗƲǡǷȗǡǋȐळ

ƲȐ ΒǋǱǱ ƲȐ ǽȗǞǋȍ ǽȊȗǡǽǷȐ ƲǱȍǋƲǇΘ ƲΑƲǡǱƲǀǱǋ ǡǷ ȐȗƲǷǇƲȍǇ ȊȍǽϮǱǋॺǱǡǯǋǱǡǞǽǽǇ ϮȗȐल eǷǁǋȍȗƲǡǷȗǡǋȐ ǽǗ B�

ȊȍǋǇǡǁȗǡǽǷȐ Ʋȗ ȗǞǋ ȊƲȍȗǡǁǱǋॺǱǋΑǋǱ Ʋȍǋ Ƿǽȗ ǡǷǁǱȚǇǋǇ ƲȐ ȐΘȐȗǋǶƲȗǡǁ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ǀǋǁƲȚȐǋ B� ǡȐ ǽǷǱΘ

ǷǋǋǇǋǇ ȗǽ ǶǽǇǋǱ ȗǞǋ Ǉǋȗǋǁȗǽȍ ȍǋȐȊǽǷȐǋल eǷǁǋȍȗƲǡǷȗǡǋȐ ǽǷ ȗǞǋ ȊƲȍȗǡǁǱǋॺǱǋΑǋǱ ȊȍǋǇǡǁȗǡǽǷ ȐǞǽȚǱǇ ǽǷǱΘ

ǀǋ ǁǽǷȐǡǇǋȍǋǇ ΒǞǋǷ ǁǽǶȊƲȍǡǷǘ ȊȍǋǇǡǁȗǡǽǷȐ ȗǽ ȚǷǗǽǱǇǋǇ ǇƲȗƲल

ࣂঢࣄঢࣁࣂ XҟҪӮӂ҇ӟҲԂ҇ӪҲӐӉ HӜӪҲӈҲԂ҇ӪҲӐӉ

�Ǘȗǋȍ ϮΗǡǷǘ ȗǞǋ ϮǇȚǁǡƲǱ ȐǋǱǋǁȗǡǽǷ ƲǷǇ ǀǡǷǷǡǷǘ Ǘǽȍ ƲǱǱ ǽǀȐǋȍΑƲǀǱǋȐळ Ʋ ȍǋǘȚǱƲȍǡΝƲȗǡǽǷ ǽȊȗǡǶǡΝƲȗǡǽǷ Ȋȍǽॺ

ǁǋǇȚȍǋ ǡȐ ȊǋȍǗǽȍǶǋǇ ǀƲȐǋǇ ǽǷ ȐȗƲȗǡȐȗǡǁƲǱ ǀǽǽȗȐȗȍƲȊȊǡǷǘल bǞǋ ǽȊȗǡǶǡΝƲȗǡǽǷ ȊȍǽǁǋǇȚȍǋ ǡȐ ȊǋȍǗǽȍǶǋǇ

ǽǷ ǋƲǁǞ ǽǗ ȗǞǋ ࣅ ȍǋǘǡǽǷȐ ǡǷǇǋȊǋǷǇǋǷȗǱΘ ǀǋǁƲȚȐǋ ǋƲǁǞ ǞƲȐ ǇǡϥǋȍǋǷȗ ȐȗƲȗǡȐȗǡǁƲǱ ȊȍǽȊǋȍȗǡǋȐ ƲǷǇ ȐǡǘǷƲǱॺ

ȗǽॺǀƲǁǯǘȍǽȚǷǇ ȍƲȗǡǽल $ǽȍ ǋƲǁǞ ǽǀȐǋȍΑƲǀǱǋ ƲǷǇ ǇǋȗǋǁȗǽȍॺǱǋΑǋǱ ǁǞƲǷǷǋǱळ ࣁࣁࣁࣃ ȊȐǋȚǇǽॺǇƲȗƲ ȐƲǶȊǱǋȐ Ʋȍǋ

࣊ࣈࣂ



ǘǋǷǋȍƲȗǋǇ ǡǷ ȗǞǋ ȐǡǘǷƲǱ ȍǋǘǡǽǷ ǗȍǽǶ ȐǡǘǷƲǱ ȊǱȚȐ ǀƲǁǯǘȍǽȚǷǇ ȐǶǋƲȍǋǇ ΒǡȗǞ UǽǡȐȐǽǷ ȐȗƲȗǡȐȗǡǁȐल �ƲǁǞ

ȊȐǋȚǇǽॺǋΗȊǋȍǡǶǋǷȗ ǡȐ ȚǷǗǽǱǇǋǇ ǡǷ Ʋ ȐȗƲȗॺǽǷǱΘ Ϯȗ ƲǷǇ Ʋ Ȑǋȗ ǽǗ ǶǋȗȍǡǁȐ Ʋȍǋ ǁƲǱǁȚǱƲȗǋǇल $ǽȍ ǋƲǁǞ ȐǁƲǷǷǋǇ

ΑƲǱȚǋ ǽǗ τ ळ ȗǞǋ ǶǋǇǡƲǷ ǽΑǋȍ ȗǞǋ ȊȐǋȚǇǽॺǋΗȊǋȍǡǶǋǷȗȐ ƲǷǇ ǶǋƲǷ ǽΑǋȍ ȚǷǗǽǱǇǋǇ ǀǡǷȐ ǡȐ ǁƲǱǁȚǱƲȗǋǇ Ǘǽȍ

ǋƲǁǞ Ƕǋȗȍǡǁ ƲǷǇ ȊǱǽȗȗǋǇल bǞǋ ǱƲȍǘǋȐȗ ΑƲǱȚǋ ǽǗ τ ȗǞƲȗ ǇǽǋȐ Ƿǽȗ ǡǷǁȍǋƲȐǋ ȗǞǋ χ2/NǀǡǷȐ ȍǋǱƲȗǡΑǋ ȗǽ ȗǞǋ

ȗȍȚǋ ȊƲȍȗǡǁǱǋॺǱǋΑǋǱ ǇǡȐȗȍǡǀȚȗǡǽǷ ǡȐ ȐǋǱǋǁȗǋǇ ǡǷ ǽȍǇǋȍ ȗǽ ǶƲΗǡǶƲǱǱΘ ȍǋǇȚǁǋ ȗǞǋ ǡǶȊƲǁȗ ǽǗ ȐȗƲȗǡȐȗǡǁƲǱ ϱȚǁॺ

ȗȚƲȗǡǽǷȐ ΒǡȗǞǽȚȗ ǡǷǇȚǁǡǷǘ Ʋ ȐȗȍǽǷǘ ǀǡƲȐल �ǽǷȐǡǇǋȍǋǇ ǶǋȗȍǡǁȐ Ʋȍǋ ƲȐ ǗǽǱǱǽΒȐऴ

़ χ2 = ∆xiV
−1
ij ∆xj ळ ΒǞǋȍǋ V ǡȐ ȗǞǋ ǁǽΑƲȍǡƲǷǁǋ ǶƲȗȍǡΗ ǽǗ ȗǞǋ ȗȍȚȗǞ ǀǡǷ C$Ȑ ƲǷǇ∆xi ǡȐ

ȗǞǋ ǇǡϥǋȍǋǷǁǋ ǀǋȗΒǋǋǷ ȗǞǋ ȚǷǗǽǱǇǋǇ ȗǋǶȊǱƲȗǋ ƲǷǇ ȊƲȍȗǡǁǱǋॺǱǋΑǋǱ ȗǋǶȊǱƲȗǋ ǡǷ ǀǡǷ iल /ȗ ǡȐ ǁƲǱॺ
ǁȚǱƲȗǋǇ ǀΘ ȗƲǯǡǷǘ ȗǞǋ ȊƲȍȗǡǁǱǋॺǱǋΑǋǱ ȗǋǶȊǱƲȗǋ ȗǽ ǀǋ ǋǡȗǞǋȍ ȗǞǋ Ȋȍǡǽȍ ॠ[үҟӟӜ҇ ॡࣁࣂलࣃलࣃ ǽȍ ȗȍȚȗǞ
ॠB%ࣆ঱҇B�૦C=H ॡ ƲǷǇ ǀΘ ȗƲǯǡǷǘ V ǗȍǽǶ bX�Η$ǡȗȗǋȍ ǽȍ ǁƲǱǁȚǱƲȗǡǷǘ ǡȗ ǗȍǽǶ ȗǞǋ ȗǽΘȐल

़ %ǱǽǀƲǱ ǁǽȍȍǋǱƲȗǡǽǷ ǁǽǋϨǁǡǋǷȗळ ΒǞǡǁǞ ǶǋƲȐȚȍǋȐ ȗǞǋ ǇǡƲǘǽǷƲǱǡȗΘ ǽǗ ȗǞǋ ǁǽΑƲȍǡƲǷǁǋ ǶƲȗȍǡΗ ǁƲǱǁȚॺ
ǱƲȗǋǇ ΒǡȗǞ ȗǽΘȐऴ

ρ =

〈√
1− (ViiV

−1
ii )−1

〉

ǀǡǷȐ

़ �ΑǋȍƲǘǋ ȍǋǱƲȗǡΑǋ ȚǷǁǋȍȗƲǡǷȗΘ ǽΑǋȍ ƲǱǱ ǀǡǷȐ ǁƲǱǁȚǱƲȗǋǇ ΒǡȗǞ ȗǽΘȐ ƲǷǇ ΒǡȗǞ bX�Η$ǡȗȗǋȍ ǁǽΑƲȍǡॺ
ƲǷǁǋ ǶƲȗȍǡΗव ȐȗƲǷǇƲȍǇ ǇǋΑǡƲȗǡǽǷ ǽǗ ȍǋǱƲȗǡΑǋ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ǽΑǋȍ ƲǱǱ ǀǡǷȐ ǁƲǱǁȚǱƲȗǋǇ ΒǡȗǞ ȗǽΘȐल

़ �ΑǋȍƲǘǋ ƲǀȐǽǱȚȗǋ ǀǡƲȐ ǽǗ ȚǷǗǽǱǇǋǇ ǇǡȐȗȍǡǀȚȗǡǽǷ ƲǘƲǡǷȐȗ Ȋȍǡǽȍ ƲǷǇ ȗȍȚȗǞ ȊƲȍȗǡǁǱǋॺǱǋΑǋǱ ǇǡȐȗȍǡǀȚॺ
ȗǡǽǷ ǁƲǱǁȚǱƲȗǋǇ ǽΑǋȍ ƲǱǱ ǀǡǷȐल bǞǋ ǶǋǇǡƲǷ ǽΑǋȍ ȗǽΘȐ ǡȐ ȗƲǯǋǷ ǋǡȗǞǋȍ ǀǋǗǽȍǋ ǽȍ ƲǗȗǋȍ ȗǞǋ ƲǀȐǽǱȚȗǋ
ΑƲǱȚǋल /Ƿ ȗǞǋ ǁƲȐǋ ȗǞƲȗ ȗǞǋ ƲǀȐǽǱȚȗǋ ΑƲǱȚǋ ǡȐ ȗƲǯǋǷ ǀǋǗǽȍǋ ȗǞǋ ǶǋǇǡƲǷळ ǡȗ ǡǷǁǱȚǇǋȐ ȐȗƲȗǡȐȗǡǁƲǱ ǋǗॺ
ǗǋǁȗȐळ ΒǞǋȍǋƲȐ ȐȗƲȗǡȐȗǡǁƲǱ ǋϥǋǁȗȐ Ʋȍǋ ǶƲȍǘǡǷƲǱǡΝǋǇ ΒǞǋǷ ȗǞǋ ǶǋǇǡƲǷ ǡȐ ȗƲǯǋǷ ǀǋǗǽȍǋ ȗǞǋ ƲǀȐǽǱȚȗǋ
ΑƲǱȚǋ ƲǷǇ ȍǋȊȍǽǇȚǁǋȐ ȗǞǋ ȍǋȐȚǱȗȐ ǽǗ ƲǷ �ȐǡǶǽΑ Ϯȗल

़ XƲȗǋ ǽǗ ȚǷǗǽǱǇǋǇ ȍǋȐȚǱȗȐ ǞƲΑǡǷǘ Ʋȗ ǱǋƲȐȗ ǽǷǋ ǷǋǘƲȗǡΑǋ ȚǷǗǽǱǇǋǇ ǀǡǷल /ǇǋƲǱǱΘ ȗǞǡȐ ΒǽȚǱǇ ǀǋ ƲȐ
ǱǽΒ ƲȐ ȊǽȐȐǡǀǱǋल

bǞǋB%ࣆ঱҇B�૦C=H tt̄W ȐƲǶȊǱǋ ǡȐ ȚȐǋǇ ȗǽ ǘǋǷǋȍƲȗǋ ȗǞǋ ȊȐǋȚǇǽॺǇƲȗƲळ ǋǡȗǞǋȍ ǀΘ ǁǽǷȐǡǇǋȍǡǷǘ

ȗǞǋ ǇǋȗǋǁȗǽȍॺǱǋΑǋǱ ǇǡȐȗȍǡǀȚȗǡǽǷ ǽǗ ȗǞǡȐ ȐƲǶȊǱǋ ǇǡȍǋǁȗǱΘ ॠ�ǱȗXǋǁǽॡ ǽȍ ǀΘ ǗǽǱǇǡǷǘ ȗǞǋ ȊƲȍȗǡǁǱǋॺǱǋΑǋǱ ǇǡȐॺ

ȗȍǡǀȚȗǡǽǷ ΒǡȗǞ ȗǞǋ ȍǋȐȊǽǷȐǋ ǶƲȗȍǡΗ ǗȍǽǶ [үҟӟӜ҇ ࣁࣂलࣃलࣃ ॠ�ǱȗbȍȚȗǞॡल bǞǋ �ǱȗXǋǁǽ ȐǋȗȚȊ ǡǶȊǱǡǁǡȗǱΘ

ǡǷǁǱȚǇǋȐ Ʋ ǀǡƲȐ ǗȍǽǶ ȗǞǋ ǇǡϥǋȍǋǷȗ ȍǋȐȊǽǷȐǋ ǶƲȗȍǡΗ ǽǗ ȗǞǋ ǘǋǷǋȍƲȗǽȍȐळ ΒǞǡǁǞ ΒǡǱǱ ǀǋ ȐǋȊƲȍƲȗǋǱΘ ȐȚȊॺ

ȊǱǡǋǇ ȗǽ ȗǞǋ ȚǷǗǽǱǇǡǷǘ Ϯȗ ƲȐ Ʋ ȐΘȐȗǋǶƲȗǡǁ ȚǷǁǋȍȗƲǡǷȗΘल bǞǋ �ǱȗbȍȚȗǞ ȐǋȗȚȊ ƲǁǁǽȚǷȗȐ ǽǷǱΘ Ǘǽȍ ȗǞǋ ǀǡƲȐ

ࣁࣉࣂ



ǡǷǇȚǁǋǇ ǀΘ ǁǞǽǽȐǡǷǘ Ʋ ȊƲȍȗǡǁǱǋॺǱǋΑǋǱ ȗǋǶȊǱƲȗǋ ǗȍǽǶ ǽǷǋB� ǽΑǋȍ ƲǷǽȗǞǋȍळ ΒǞǡǁǞ ǡȐ Ƿǽȗ ƲǁǁǽȚǷȗǋǇ

Ǘǽȍ ǀΘ ȗǞǋ ǡǷǁǱȚȐǡǽǷ ǽǗ ȗǞǋ ȍǋȐȊǽǷȐǋ ǶƲȗȍǡΗ ǽǗ ƲǷ ƲǱȗǋȍǷƲȗǋ B�ल bǞǋ ǀǡƲȐ ǋȐȗǡǶƲȗǋ Ǘǽȍ ȗǞǋ ǁǞǽǡǁǋ ǽǗ

τ̂ ǡȐ ǁǽǷȐǋȍΑƲȗǡΑǋ ǋǷǽȚǘǞ ǡǗ ȗǞǋ ƲȐȐȚǶȊȗǡǽǷ ȗǞƲȗ ȗǞǋ ȗȍȚǋ tt̄W ȊƲȍȗǡǁǱǋॺǱǋΑǋǱ ǇǡȐȗȍǡǀȚȗǡǽǷ ǡǷ ǇƲȗƲ ǇǽǋȐ

Ƿǽȗ ǞƲΑǋ ȐǡǘǷǡϮǁƲǷȗǱΘ ǱƲȍǘǋȍ ȐǋǁǽǷǇॺǽȍǇǋȍ ǇǡϥǋȍǋǷǁǋȐ ȗǽ ȗǞǋ ǷǽǶǡǷƲǱ B� ȊȍǋǇǡǁȗǡǽǷ ȗǞƲǷ ȗǞǋ ƲǱȗǋȍॺ

ǷƲȗǋ B� ȊȍǋǇǡǁȗǡǽǷल /Ǘ ȗǞǡȐ ƲȐȐȚǶȊȗǡǽǷ ǡȐ Ƿǽȗ ǁǽȍȍǋǁȗळ ȗǞǋǷ ȗǞǋ ǀǡƲȐ ȗǋȍǶ ǡȐ ȚǷǇǋȍǋȐȗǡǶƲȗǋǇल

$ǡǘȚȍǋȐ ࣁࣃलࣁࣂ ƲǷǇ ࣂࣃलࣁࣂ ȐǞǽΒ ȗǞǋ ȍǋǘȚǱƲȍǡΝƲȗǡǽǷ ȐǁƲǷȐ ǗǽȍNǬǋȗȐ ƲǷǇNǀॺǬǋȗȐळ ȍǋȐȊǋǁȗǡΑǋǱΘल /Ƿ ƲǱǱ ȍǋॺ

ǘǡǽǷȐळ ȗǞǋ ΑƲǱȚǋ ǽǗ τ Ʋȗ ΒǞǡǁǞ ȗǞǋ χ2 ǀǋǘǡǷȐ ȗǽ ǡǷǁȍǋƲȐǋ ǡȐ ȐǡǶǡǱƲȍ ǀǋȗΒǋǋǷ ȗǞǋ �ǱȗbȍȚȗǞ ƲǷǇ �ǱȗXǋǁǽ

ǁǽǷϮǘȚȍƲȗǡǽǷȐल sǋ ȊȍǽǁǋǋǇ ΒǡȗǞ ȗǞǋ ȍǋǘȚǱƲȍǡΝƲȗǡǽǷ ȐǁƲǷȐ ǽǗ ȗǞǋ ȍǋǶƲǡǷǡǷǘ ΑƲȍǡƲǀǱǋȐ ǡǷ ǽǷǱΘ ȗǞǋ �Ǳȗॺ

bȍȚȗǞ ǁǽǷϮǘȚȍƲȗǡǽǷȐ Ǘǽȍ ȐǡǶȊǱǡǁǡȗΘल bǞǋ ǁǞǽǡǁǋ ǽǗ ǽȊȗǡǶƲǱ ȍǋǘȚǱƲȍǡΝƲȗǡǽǷ ȐȗȍǋǷǘȗǞ τ̂ Ǘǽȍ ǋƲǁǞ ǽǗ ȗǞǋ

ȍǋǘǡǽǷȐ ǡȐ ǱǡȐȗǋǇ ǡǷ bƲǀǱǋ लࣃलࣁࣂ

7DEOH ����� 2SWLPL]HG UHJXODUL]DWLRQ SDUDPHWHU τ̂ IRU HDFK REVHUYDEOH DQG UHJLRQ

HǀȐǋȍΑƲǀǱǋ 2"[[ਭਭ 3"ਭ 2"[[ॺॺ 3"ॺ
NǬǋȗȐ ࣁलࣄ ࣁलࣂ ࣆलࣂ ࣁलࣂ
NǀॺǬǋȗȐ ࣁलࣅ ࣁलࣁ ࣆलࣁ ࣁलࣁ
H

Ǭǋȗ
T ࣁलࣃ ࣆलࣂ ࣆलࣂ ࣁलࣂ

H
ǱǋȊ
T ࣁलࣃ ࣁलࣃ ࣇलࣂ ࣁलࣃ

M!![[ ࣆलࣄ ࣁलࣂ ࣆलࣃ ࣆलࣂ
M!b ࣁलࣃ ࣇलࣁ ࣁलࣃ ल࣊ࣁ
Mj0j1 ࣁलࣄ ࣁलࣃ ࣁलࣃ ࣁलࣂ
|∆η!![[ | ࣁलࣃ ࣁलࣄ ࣆलࣃ ࣃलࣃ
|∆φ!![[ |/π ࣁलࣃ ࣈलࣁ ࣄलࣂ ࣇलࣁ
∆R("b) ࣁलࣄ ࣁलࣄ ࣆलࣂ ࣆलࣂ

/Ƿ ȗǞǋ �ǱȗbȍȚȗǞ ǁǽǷϮǘȚȍƲȗǡǽǷळ ȗǞǋ χ2 ǀǋǁǽǶǋȐ ȚǷǇǋȍǋȐȗǡǶƲȗǋǇ ǗȍǽǶ bX�Η$ǡȗȗǋȍ ǇȚǋ ȗǽ ǽΑǋȍॺ

ǋȐȗǡǶƲȗǡǽǷ ǽǗ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ΒǞǋǷ τ > 0ळ ΒǞǡǁǞ ΒǡǱǱ ǀǋ ǇǡȐǁȚȐȐǋǇ ǡǷ ǇǋȗƲǡǱ ǡǷ [ǋǁȗǡǽǷ लࣄलࣄलࣁࣂ bǞǋ

bX�Η$ǡȗȗǋȍ χ2 ǁƲǱǁȚǱƲȗǋǇ ȍǋǱƲȗǡΑǋ ȗǽ ȗǞǋ ȗȍȚǋ ǇǡȐȗȍǡǀȚȗǡǽǷ ǋΗǞǡǀǡȗȐ Ʋ ǱǽǁƲǱ ǶǡǷǡǶȚǶ Ʋȗ Ʋ ǱƲȍǘǋ ΑƲǱȚǋ

ǽǗ τ ǡǷ ȐǽǶǋ ȍǋǘǡǽǷȐ ǀǋǁƲȚȐǋ ȗǞǋ ǁǽǶȊǋȗǡǷǘ ǋϥǋǁȗȐ ǽǗ ȚǷǁǋȍȗƲǡǷȗΘ ȚǷǇǋȍǋȐȗǡǶƲȗǡǽǷ ƲǷǇ ǀǡƲȐ ȗȚȍǷȐ

ࣂࣉࣂ



ǽΑǋȍल ,ǽΒǋΑǋȍळ ȐǡǷǁǋ ȗǞǋ ȐǋǁǽǷǇ ǇǋȍǡΑƲȗǡΑǋ ȍǋǘȚǱƲȍǡȐƲȗǡǽǷ ǡȐ ȚǷǀǡƲȐǋǇ ȗǽ ϮȍȐȗ ƲǷǇ ȐǋǁǽǷǇ ǽȍǇǋȍळ ȗǞǋ

χ2 ȍǋǶƲǡǷȐ ȐǶƲǱǱ Ʋȗ ǞǡǘǞ τ ल bǞǋ ǘǱǽǀƲǱ ǁǽȍȍǋǱƲȗǡǽǷ ǁǽǋϨǁǡǋǷȗ ǡȐ ǶǡǷǡǶǡΝǋǇ Ʋȗ ǱǽΒ τ ल �ȗ τ̂ ळ ȗǞǋ ƲΑǋȍॺ

Ʋǘǋ ǀǡǷ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ƲǷǇ ȍƲȗǋ ǽǗ ǞƲΑǡǷǘ Ʋȗ ǱǋƲȐȗ ࣂ ǷǋǘƲȗǡΑǋ ȚǷǗǽǱǇǋǇ ǀǡǷ Ʋȍǋ ǁǱǽȐǋ ȗǽ ȗǞǋǡȍ ǶǡǷǡǶƲǱ

ΑƲǱȚǋȐळ ȐȚǘǘǋȐȗǡǷǘ ȗǞƲȗ ȗǞǋ ȚǷǗǽǱǇǡǷǘ ǡȐ ƲȐ ȍǽǀȚȐȗ ƲȐ ȊǽȐȐǡǀǱǋ ȗǽ ȐȗƲȗǡȐȗǡǁƲǱ ϱȚǁȗȚƲȗǡǽǷȐ ΒǞǡǱǋ ǡǷǇȚǁǡǷǘ

ǶǡǷǡǶƲǱ ǀǡƲȐल
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)LJXUH ������ 5HJXODULVDWLRQ VFDQV IRUNMHWV LQ WKH �IURP OHIW WR ULJKW� 2!SS + +� 2!SSå� 3!+� DQG 3!� UHJLRQV
LQ $OW7UXWK �WRS� DQG $OW5HFR �ERWWRP� ĆW FRQĆJXUDWLRQV

bǽ ǇǋǶǽǷȐȗȍƲȗǋ ȗǞǋ ǋϥǋǁȗ ǽǗ ȗǞǋ ǁǞǽȐǋǷ ȍǋǘȚǱƲȍǡΝƲȗǡǽǷळ Ʋ ȐǡǷǘǱǋ ȐȗƲȗॺǽǷǱΘ ȗǽΘ ȚǷǗǽǱǇǡǷǘ Ϯȗ ǽǗNǬǋȗȐ

ǡȐ ȊǋȍǗǽȍǶǋǇ ǽǷ UǽǡȐȐǽǷॺȐǶǋƲȍǋǇ ȊȐǋȚǇǽॺǇƲȗƲ ǘǋǷǋȍƲȗǋǇ ǡǷ ȗǞǋ �ǱȗbȍȚȗǞ ȐǋȗȚȊल bǞǋ ȊȍǋॺϮȗ ȊǱǽȗȐ

ƲǷǇ ȚǷǗǽǱǇǋǇ ǇǡȐȗȍǡǀȚȗǡǽǷȐ Ʋȍǋ ȐǞǽΒǷ ǡǷ $ǡǘȚȍǋ लࣃࣃलࣁࣂ HǷǋ ǁƲǷ Ȑǋǋ ȗǞƲȗ ǡǶȊǽȐǡǷǘ ȗǞǋ ȍǋǘȚǱƲȍǡΝƲȗǡǽǷ

ࣃࣉࣂ



0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

≠ ¬
2
Æ /N

bi
n
s

nBJets
altTruth-SS2l-pos

¬2
Truth (TREx)

¬2
Prior (TREx)

¬2
Truth (Toys)

¬2
Prior (Toys)

0 1 2 3 4 5 6

ø Regularization Parameter

0.0

0.1

0.2

0.3

0.4

0.5

0.6

R
el

at
iv

e
U

nc
./

B
ia

s
(A

gg
re

ga
te

O
ve

r
B
in

s) æ (TREx)

Mean æ (Toys)

Std. æ over bins (Toys)

æ © | h±i | (Truth, Toys)

| h±i | (Truth)

| h±i | (Prior)

h|±|i (Truth)

h|±|i (Prior)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

G
lo

ba
l
C
or

re
la

ti
on

C
oe

±
ci

en
t

hΩ
i

0

40

80

120

160

R
at

e
of

∏
1

N
eg

at
iv

e
U

nf
ol

de
d

B
in

(%
) 0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

≠ ¬
2
Æ /N

bi
n
s

nBJets
altTruth-SS2l-neg

¬2
Truth (TREx)

¬2
Prior (TREx)

¬2
Truth (Toys)

¬2
Prior (Toys)

0 1 2 3 4 5 6

ø Regularization Parameter

0.0

0.1

0.2

0.3

0.4

0.5

0.6

R
el

at
iv

e
U

nc
./

B
ia

s
(A

gg
re

ga
te

O
ve

r
B
in

s) æ (TREx)

Mean æ (Toys)

Std. æ over bins (Toys)

æ © | h±i | (Truth, Toys)

| h±i | (Truth)

| h±i | (Prior)

h|±|i (Truth)

h|±|i (Prior)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

G
lo

ba
l
C
or

re
la

ti
on

C
oe

±
ci

en
t

hΩ
i

0

40

80

120

160

R
at

e
of

∏
1

N
eg

at
iv

e
U

nf
ol

de
d

B
in

(%
) 0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

≠ ¬
2
Æ /N

bi
n
s

nBJets
altTruth-l3-pos

¬2
Truth (TREx)

¬2
Prior (TREx)

¬2
Truth (Toys)

¬2
Prior (Toys)

0 1 2 3 4 5 6

ø Regularization Parameter

0.0

0.1

0.2

0.3

0.4

0.5

0.6

R
el

at
iv

e
U

nc
./

B
ia

s
(A

gg
re

ga
te

O
ve

r
B
in

s) æ (TREx)

Mean æ (Toys)

Std. æ over bins (Toys)

æ © | h±i | (Truth, Toys)

| h±i | (Truth)

| h±i | (Prior)

h|±|i (Truth)

h|±|i (Prior)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

G
lo

ba
l
C
or

re
la

ti
on

C
oe

±
ci

en
t

hΩ
i

0

40

80

120

160

R
at

e
of

∏
1

N
eg

at
iv

e
U

nf
ol

de
d

B
in

(%
) 0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

≠ ¬
2
Æ /N

bi
n
s

nBJets
altTruth-l3-neg

¬2
Truth (TREx)

¬2
Prior (TREx)

¬2
Truth (Toys)

¬2
Prior (Toys)

0 1 2 3 4 5 6

ø Regularization Parameter

0.0

0.1

0.2

0.3

0.4

0.5

0.6

R
el

at
iv

e
U

nc
./

B
ia

s
(A

gg
re

ga
te

O
ve

r
B
in

s) æ (TREx)

Mean æ (Toys)

Std. æ over bins (Toys)

æ © | h±i | (Truth, Toys)

| h±i | (Truth)

| h±i | (Prior)

h|±|i (Truth)

h|±|i (Prior)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

G
lo

ba
l
C
or

re
la

ti
on

C
oe

±
ci

en
t

hΩ
i

0

40

80

120

160

R
at

e
of

∏
1

N
eg

at
iv

e
U

nf
ol

de
d

B
in

(%
)

0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

≠ ¬
2
Æ /N

bi
n
s

nBJets
altReco-SS2l-pos

¬2
Truth (TREx)

¬2
Prior (TREx)

¬2
Truth (Toys)

¬2
Prior (Toys)

0 1 2 3 4 5 6

ø Regularization Parameter

0.0

0.1

0.2

0.3

0.4

0.5

0.6

R
el

at
iv

e
U

nc
./

B
ia

s
(A

gg
re

ga
te

O
ve

r
B
in

s) æ (TREx)

Mean æ (Toys)

Std. æ over bins (Toys)

æ © | h±i | (Truth, Toys)

| h±i | (Truth)

| h±i | (Prior)

h|±|i (Truth)

h|±|i (Prior)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

G
lo

ba
l
C
or

re
la

ti
on

C
oe

±
ci

en
t

hΩ
i

0

40

80

120

160

R
at

e
of

∏
1

N
eg

at
iv

e
U

nf
ol

de
d

B
in

(%
) 0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

≠ ¬
2
Æ /N

bi
n
s

nBJets
altReco-SS2l-neg

¬2
Truth (TREx)

¬2
Prior (TREx)

¬2
Truth (Toys)

¬2
Prior (Toys)

0 1 2 3 4 5 6

ø Regularization Parameter

0.0

0.1

0.2

0.3

0.4

0.5

0.6

R
el

at
iv

e
U

nc
./

B
ia

s
(A

gg
re

ga
te

O
ve

r
B
in

s) æ (TREx)

Mean æ (Toys)

Std. æ over bins (Toys)

æ © | h±i | (Truth, Toys)

| h±i | (Truth)

| h±i | (Prior)

h|±|i (Truth)

h|±|i (Prior)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

G
lo

ba
l
C
or

re
la

ti
on

C
oe

±
ci

en
t

hΩ
i

0

40

80

120

160

R
at

e
of

∏
1

N
eg

at
iv

e
U

nf
ol

de
d

B
in

(%
) 0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

≠ ¬
2
Æ /N

bi
n
s

nBJets
altReco-l3-pos

¬2
Truth (TREx)

¬2
Prior (TREx)

¬2
Truth (Toys)

¬2
Prior (Toys)

0 1 2 3 4 5 6

ø Regularization Parameter

0.0

0.1

0.2

0.3

0.4

0.5

0.6

R
el

at
iv

e
U

nc
./

B
ia

s
(A

gg
re

ga
te

O
ve

r
B
in

s) æ (TREx)

Mean æ (Toys)

Std. æ over bins (Toys)

æ © | h±i | (Truth, Toys)

| h±i | (Truth)

| h±i | (Prior)

h|±|i (Truth)

h|±|i (Prior)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

G
lo

ba
l
C
or

re
la

ti
on

C
oe

±
ci

en
t

hΩ
i

0

40

80

120

160

R
at

e
of

∏
1

N
eg

at
iv

e
U

nf
ol

de
d

B
in

(%
) 0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

≠ ¬
2
Æ /N

bi
n
s

nBJets
altReco-l3-neg

¬2
Truth (TREx)

¬2
Prior (TREx)

¬2
Truth (Toys)

¬2
Prior (Toys)

0 1 2 3 4 5 6

ø Regularization Parameter

0.0

0.1

0.2

0.3

0.4

0.5

0.6

R
el

at
iv

e
U

nc
./

B
ia

s
(A

gg
re

ga
te

O
ve

r
B
in

s) æ (TREx)

Mean æ (Toys)

Std. æ over bins (Toys)

æ © | h±i | (Truth, Toys)

| h±i | (Truth)

| h±i | (Prior)

h|±|i (Truth)

h|±|i (Prior)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

G
lo

ba
l
C
or

re
la

ti
on

C
oe

±
ci

en
t

hΩ
i

0

40

80

120

160

R
at

e
of

∏
1

N
eg

at
iv

e
U

nf
ol

de
d

B
in

(%
)

)LJXUH ������ 5HJXODULVDWLRQ VFDQV IRUNE�MHWV LQ WKH �IURP OHIW WR ULJKW� 2!SS + +� 2!SSå� 3!+� DQG 3!�
UHJLRQV LQ $OW7UXWK �WRS� DQG $OW7UXWK �ERWWRP� ĆW FRQĆJXUDWLRQV

ǁǽȍȍǋǁȗȐ ǗǽȚȍ ȚǷǗǽǱǇǋǇ ǀǡǷȐ ȗǞƲȗ ǞƲΑǋ ǷǋǘƲȗǡΑǋ ǀǡǷ ǁǽǷȗǋǷȗळ ǘǋǷǋȍƲǱǱΘ ȐǶǽǽȗǞȐ ȗǞǋ ȚǷǗǽǱǇǋǇ ǇǡȐȗȍǡॺ

ǀȚȗǡǽǷळ ƲǷǇ ȍǋǇȚǁǋȐ ȗǞǋ ȗǽȗƲǱ ȚǷǁǋȍȗƲǡǷȗΘल /Ƿ ȗǞǡȐ ȊƲȍȗǡǁȚǱƲȍ ǋΗƲǶȊǱǋळ ȗǞǋȍǋ ƲȊȊǋƲȍȐ ȗǽ ǀǋ Ʋ ȗȍǋǷǇ ǡǷ

ȗǞǋ 2![[ਭਭ ǀΘ ǱȚǁǯळ ƲǷǇ ǡȗ ǡȐ ȐǋǋǷ ǡǷ ȗǞǋ ȚǷǗǽǱǇǋǇ ǇǡȐȗȍǡǀȚȗǡǽǷल [ǡǷǁǋ ȗǞǋ ȚǷǁǋȍȗƲǡǷȗΘ ǡȐ ȐȗƲȗॺǽǷǱΘळ ȗǞǋ

ǇǡϥǋȍǋǷǁǋ ǀǋȗΒǋǋǷ ȗǞǋ ȚǷǗǽǱǇǋǇ ǇǡȐȗȍǡǀȚȗǡǽǷ ƲǷǇ ȗǞǋ ȊȍǋǇǡǁȗǡǽǷ ǗȍǽǶ ƲB�C=HूB% ȐǞǽȚǱǇ ǀǋ

ǶǽȐȗǱΘ ǁǽΑǋȍǋǇ ǀΘ ȗǞǋ ȚǷǁǋȍȗƲǡǷȗΘ ǀƲǷǇळ ΒǞǡǁǞ ǡȗ ǡȐल
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)LJXUH ������ $ VLQJOH WR\ XQIROGLQJ ĆW WRNMHWV� IURP WRS WR ERWWRP�ULJKW� SUH�ĆW SORW� XQUHJXODUL]HG UHVXOW� DQG

UHJXODUL]HG UHVXOW

ࣃঢࣄঢࣁࣂ [Ӫӟҟӣӣ bҟӣӪӣ ҇ӉқCӐӉচ�ӂӐӣӮӟҟ

sǋ ȊǋȍǗǽȍǶ ȐȗȍǋȐȐ ȗǋȐȗȐ ȗǽ ǋǷȐȚȍǋ ȗǞǋ ȍǽǀȚȐȗǷǋȐȐ ǽǗ ȗǞǋ Ϯȗल /ȗ ǡȐ ǋΗȊǋǁȗǋǇ ȗǞƲȗ ȗǞǋ ȐǋǁǽǷǇ ǇǋȍǡΑƲȗǡΑǋ

ȍǋǘȚǱƲȍǡΝƲȗǡǽǷ ǡȐ ȚǷǀǡƲȐǋǇ ȚȊ ȗǽ ϮȍȐȗ ǽȍǇǋȍ ȐǞƲȊǋ ǇǡϥǋȍǋǷǁǋȐ ǀǋȗΒǋǋǷ ǇƲȗƲ ƲǷǇB�लsǋ ΑǋȍǡǗΘ ȗǞǡȐ

ǀΘ ȚǷǗǽǱǇǡǷǘ ȊȐǋȚǇǽॺǇƲȗƲ ǡǷNǬǋȗȐ ǽǀȗƲǡǷǋǇ ǀΘ ƲȊȊǱΘǡǷǘ ॡࣂ Ʋ ਭࣁࣅ੆ ǷǽȍǶƲǱǡΝƲȗǡǽǷ ǡǷȗǽ ȗǞǋ 2![[ ƲǷǇ

3! ǁǞƲǷǷǋǱȐ ȐǋȊƲȍƲȗǋǱΘ ƲǷǇ ॡࣃ Ʋ± ੆ࣁࣃ ȐǱǽȊǋ ǡǷȗǽ ȗǞǋ ȊƲȍȗǡǁǱǋॺǱǋΑǋǱ ȗǋǶȊǱƲȗǋȐ ǽǀȗƲǡǷǋǇ ǗȍǽǶ [үҟӟӜ҇

लࣁࣂलࣃलࣃ bǞǋ ȚǷǗǽǱǇǋǇ ȍǋȐȚǱȗȐ Ǘǽȍ ȗǞǋȐǋ ȐȗȍǋȐȐ ȗǋȐȗȐ Ʋȍǋ ȐǞǽΒǷ ǡǷ $ǡǘȚȍǋ लࣄࣃलࣁࣂ �ΗƲǁȗ ǁǱǽȐȚȍǋ ǡȐ ǽǀॺ

ࣅࣉࣂ



ȗƲǡǷǋǇ ǡǷ ƲǱǱ ȚǷǗǽǱǇǋǇ ǀǡǷȐळ ǁǽǷϮȍǶǡǷǘ ȗǞǋ ǶǽǇǋǱঌȐ ȍǽǀȚȐȗǷǋȐȐ ȗǽ ǷǽȍǶƲǱǡΝƲȗǡǽǷ ƲǷǇ ǱǡǷǋƲȍ ȐǞƲȊǋ

ǋϥǋǁȗȐल bǞǋ ǁǱǽȐȚȍǋ ǡǷ ȐȗȍǋȐȐ ȗǋȐȗȐ Ʋȍǋ ƲǱȐǽ ǁǽǷϮȍǶǋǇ ǡǷ ǽȗǞǋȍ ǽǀȐǋȍΑƲǀǱǋȐ ΒǡȗǞ ǇǡϥǋȍǋǷȗ ǶǡǘȍƲȗǡǽǷ

ȊƲȗȗǋȍǷȐल

�ǱǽȐȚȍǋ ǁǞǋǁǯȐ Ʋȍǋ ȊǋȍǗǽȍǶǋǇ ȚȐǡǷǘ ȗǞǋ ƲǱȗǋȍǷƲȗǋ B� ȐƲǶȊǱǋ ॠB%ࣆ঱҇B�૦C=H ॡ ǡǷ ȗǞǋ �Ǳȗॺ

bȍȚȗǞ ȐǋȗȚȊळ ΒǞǡǁǞ Ʋȍǋ ȐǞǽΒǷ ǡǷ $ǡǘȚȍǋ ࣅࣃलࣁࣂ ƲǷǇ ȗƲǀȚǱƲȗǋǇ ǡǷ bƲǀǱǋȐ ࣄलࣁࣂ ƲǷǇ लࣅलࣁࣂ bǞǋ ǷǽǷॺ

ǁǱǽȐȚȍǋ ǡǷ ȗǞǋ �ǱȗbȍȚȗǞ Ϯȗ ǡȐ ǇȚǋ ǋǷȗǡȍǋǱΘ ȗǽ ȍǋǘȚǱƲȍǡΝƲȗǡǽǷल CǽǷॺǁǱǽȐȚȍǋ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ʋȍǋ ǇǋȍǡΑǋǇ Ǘǽȍ

ǋƲǁǞ ǽǀȐǋȍΑƲǀǱǋ ǡǷ Ʋ ȐȗƲȗǡȐȗǡǁȐॺǽǷǱΘ Ϯȗ ǡǷ ȗǞǋ ȐǡǘǷƲǱ ȍǋǘǡǽǷ ΒǡȗǞ ϮΗǋǇ ǀƲǁǯǘȍǽȚǷǇȐल bǞǋΘ Ʋȍǋ ȌȚǽȗǋǇ

ȐǋȊƲȍƲȗǋǱΘ ǗȍǽǶ ǽȗǞǋȍ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ƲǷǇ ǁƲǷ ǀǋ ƲǇǇǋǇ ǡǷ ȌȚƲǇȍƲȗȚȍǋ Ǘǽȍ ȗǞǋ ȗǽȗƲǱ ȚǷǁǋȍȗƲǡǷȗΘल bǞǡȐ

Ϯȗ ȐǋȗȚȊ ȊȍǽǇȚǁǋȐ Ʋ Ƕǽȍǋ ǁǽǷȐǋȍΑƲȗǡΑǋ ǋȐȗǡǶƲȗǋ ǽǗ ȗǞǋ ǷǽǷॺǁǱǽȐȚȍǋ ȚǷǁǋȍȗƲǡǷȗΘ ǀǋǁƲȚȐǋ ȐǶƲǱǱ ȊȚǱǱȐ ǡǷ

ǷȚǡȐƲǷǁǋ ȊƲȍƲǶǋȗǋȍȐ ƲǷǇ ǀƲǁǯǘȍǽȚǷǇ ǷǽȍǶƲǱǡΝƲȗǡǽǷ ǗƲǁȗǽȍȐ ǁƲǷ ƲǀȐǽȍǀ ȗǞǋ ǇǡϥǋȍǋǷǁǋ ǀǋȗΒǋǋǷ ȗǞǋ

ǷǽǶǡǷƲǱ ƲǷǇ ƲǱȗǋȍǷƲȗǋ ȐǡǘǷƲǱ ȐƲǶȊǱǋȐल bǞǋ ǷǽǷॺǁǱǽȐȚȍǋ ǡȐ Ƿǽȗ ǡǷǁǱȚǇǋǇ ǡǷ ȗǞǋ ǱǡǯǋǱǡǞǽǽǇ Ϯȗ Ȑǽ ȗǞƲȗ

ȗǞǋ ȚǷǗǽǱǇǋǇ ȍǋȐȚǱȗ ǁƲǷ ǀǋ ȍǋȊǽȍȗǋǇ ΒǡȗǞ ƲǷǇ ΒǡȗǞǽȚȗ ǷǽǷॺǁǱǽȐȚȍǋ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ƲȊȊǱǡǋǇࣃल

�ǷǽȗǞǋȍࣃ ȍǋƲȐǽǷ ȗǽ ȐǋȊƲȍƲȗǋ ǷǽǷॺǁǱǽȐȚȍǋ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ǡȐ ȗǞƲȗ ǡȗȐ ǡǷȗǋȍȊȍǋȗƲȗǡǽǷ ƲȐ Ʋ %ƲȚȐȐǡƲǷ ȚǷǁǋȍȗƲǡǷȗΘ
ǡǷ ȗǞǋ Ϯȗ ǡȐ ȌȚǋȐȗǡǽǷƲǀǱǋ

ࣆࣉࣂ
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7DEOH ����� 7DEXODWHG XQIROGLQJ UHVXOW ZLWK QRQ�FORVXUH DJDLQVW WKH D0&#1/2 VDPSOH �ĆIWK FROXPQ�� ZKLFK

FDQ EH WDNHQ DV QRQ�FORVXUH XQFHUWDLQWLHV

Njets

�ǞƲǷǷǋǱ �ǡǷ dσ/dX ।Ǘǀ॥
�ƲȗƲ |[үҟӟӜ҇ ࣁࣂलࣃलࣃ ॺ �ƲȗƲ| |B%ࣆ঱҇B�૦C=H ॺ �ƲȗƲ|

2"SS + +

।ࣃळࣄॡ 1.29± 0.31 ࣂࣂलࣁ ࣂࣁलࣁ
।ࣄळࣅॡ 2.82± 0.34 ࣉࣃलࣁ ࣃࣁलࣁ
।ࣅळࣆॡ 3.07± 0.35 ࣃࣄलࣁ ࣄࣁलࣁ
।ࣆळࣇॡ 1.79± 0.25 ࣆࣂलࣁ ࣁࣁलࣁ
।ࣇळࣈॡ 0.83± 0.16 ࣅࣁलࣁ ࣂࣁलࣁ
।ࣈळࣉॡ 0.51± 0.18 ࣁࣁलࣁ ࣂࣁलࣁ

3"+

।ࣂळࣃॡ 0.28± 0.16 ࣃࣁलࣁ ࣁࣁलࣁ
।ࣃळࣄॡ 0.87± 0.20 ࣇࣁलࣁ ࣂࣁलࣁ
।ࣄळࣅॡ 0.62± 0.19 ࣆࣁलࣁ ࣂࣁलࣁ
।ࣅळࣆॡ 0.31± 0.13 ࣃࣁलࣁ ࣂࣁलࣁ
।ࣆळࣇॡ 0.22± 0.15 ࣂࣁलࣁ ࣂࣁलࣁ

2"SSॼ

।ࣃळࣄॡ 0.57± 0.26 ࣃࣁलࣁ ࣁࣁलࣁ
।ࣄळࣅॡ 1.40± 0.31 ࣈࣁलࣁ ࣃࣁलࣁ
।ࣅळࣆॡ 1.59± 0.32 ࣊ࣁलࣁ ࣂࣁलࣁ
।ࣆळࣇॡ 0.96± 0.24 ࣄࣁलࣁ ࣂࣁलࣁ
।ࣇळࣈॡ 0.46± 0.15 ࣁࣁलࣁ ࣃࣁलࣁ
।ࣈळࣉॡ 0.27± 0.16 ࣂࣁलࣁ ࣂࣁलࣁ

3"ॺ

।ࣂळࣃॡ 0.14± 0.12 ࣂࣁलࣁ ࣁࣁलࣁ
।ࣃळࣄॡ 0.47± 0.16 ࣄࣁलࣁ ࣁࣁलࣁ
।ࣄळࣅॡ 0.32± 0.14 ࣃࣁलࣁ ࣂࣁलࣁ
।ࣅळࣆॡ 0.17± 0.10 ࣂࣁलࣁ ࣁࣁलࣁ
।ࣆळࣇॡ 0.12± 0.13 ࣁࣁलࣁ ࣁࣁलࣁ

ࣈࣉࣂ



7DEOH ����� 7DEXODWHG XQIROGLQJ UHVXOW ZLWK QRQ�FORVXUH DJDLQVW WKH D0&#1/2 VDPSOH �ĆIWK FROXPQ�� ZKLFK

FDQ EH WDNHQ DV QRQ�FORVXUH XQFHUWDLQWLHV

Nb−jets

�ǞƲǷǷǋǱ �ǡǷ dσ/dX ।Ǘǀ॥
�ƲȗƲ |[үҟӟӜ҇ ࣁࣂलࣃलࣃ ॺ �ƲȗƲ| |B%ࣆ঱҇B�૦C=H ॺ �ƲȗƲ|

2"SS + +
।ࣂळࣃॡ 3.24± 0.90 ࣅࣅलࣁ ࣁࣁलࣁ
।ࣃळࣄॡ 6.93± 0.70 ࣆࣅलࣁ ࣂࣁलࣁ
।ࣄळࣅॡ 0.14± 0.07 ࣁࣁलࣁ ࣁࣁलࣁ

3"+
।ࣂळࣃॡ 0.74± 0.44 ࣊ࣁलࣁ ࣁࣁलࣁ
।ࣃळࣄॡ 1.53± 0.35 ࣉࣁलࣁ ࣁࣁलࣁ
।ࣄळࣅॡ 0.03± 0.04 ࣁࣁलࣁ ࣁࣁलࣁ

2"SSॼ
।ࣂळࣃॡ 1.59± 0.77 ࣅࣂलࣁ ࣁࣁलࣁ
।ࣃळࣄॡ 3.59± 0.62 ࣈࣁलࣁ ࣁࣁलࣁ
।ࣄळࣅॡ 0.07± 0.13 ࣁࣁलࣁ ࣁࣁलࣁ

3"ॺ
।ࣂळࣃॡ 0.39± 0.38 ࣅࣁलࣁ ࣁࣁलࣁ
।ࣃळࣄॡ 0.82± 0.30 ࣄࣁलࣁ ࣁࣁलࣁ
।ࣄळࣅॡ 0.01± 0.03 ࣁࣁलࣁ ࣁࣁलࣁ

ࣉࣉࣂ



ࣄঢࣄঢࣁࣂ [Ӫ҇ӪҲӣӪҲҕ҇ӂ UӟӐӜҟӟӪҲҟӣ

bǞǋ ȚǷǁǋȍȗƲǡǷȗΘ ǋȐȗǡǶƲȗǡǽǷ ǗȍǽǶ bX�ӽ$ҲӪӪҟӟ ǡȐ ȊȍǽΑǡǇǋǇ ǀΘ ȗǞǋ ,ҟӣӣҟ ƲǱǘǽȍǡȗǞǶ ǀƲȐǋǇ ǽǷ

ȗǞǋ ,ǋȐȐǡƲǷ ǶƲȗȍǡΗ ǋȍȍǽȍ ǋȐȗǡǶƲȗǡǽǷ ȚǷǇǋȍ ȗǞǋ %ƲȚȐȐǡƲǷ ǞΘȊǽȗǞǋȐǡȐल �ǽǷȐǡǇǋȍǡǷǘ �ȌȚƲȗǡǽǷȐ ࣊लࣇ

ƲǷǇ ळࣅलࣁࣂ ȗǞǋ ȚǷǁǋȍȗƲǡǷȗΘ ȍǋȗȚȍǷǋǇ ǀΘ ,ҟӣӣҟ ǡȐ ǘǡΑǋǷ ǀΘऴ

Σ̂−1
αiαj

= − ∂2

∂αi∂αj



logL(n|α)− 1

2

NǀǡǷȐ−1∑

j=2

τ2j (µj−1 − 2µj + µj+1)
2





∣∣∣∣∣∣
α=α̂

ॠࣁࣂलࣆॡ

bǞǋ ǋϥǋǁȗ ǽǗ ȗǞǋ ȍǋǘȚǱƲȍǡΝƲȗǡǽǷ ǡȐ ȗǽ ǽΑǋȍǋȐȗǡǶƲȗǋ ȗǞǋ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ǽǗ ȗǞǋ ȚǷǗǽǱǇǋǇ ǀǡǷȐल bǞǋ ȐǋΑǋȍॺ

ǡȗΘ ǽǗ ȗǞǋ ǽΑǋȍǋȐȗǡǶƲȗǡǽǷ ǁƲǷ ǀǋ ǋΑƲǱȚƲȗǋǇ ȚȐǡǷǘ ȗǽΘ ȊȐǋȚǇǽॺǋΗȊǋȍǡǶǋǷȗȐ ΒǞǋȍǋ ȗǞǋ ǀǋȐȗॺϮȗ ΑƲǱȚǋ ǽǗ

ǋƲǁǞ Ϯȗ UH/ ǡȐ ƲǘǘȍǋǘƲȗǋǇ ƲǷǇ Ϯȗ ΒǡȗǞ Ʋ %ƲȚȐȐǡƲǷ ȗǽ ǋΗȗȍƲǁȗ ȗǞǋ ǶǋƲǷ ƲǷǇ ȚǷǁǋȍȗƲǡǷȗΘल bǞǋ Ȋȍǽǁǋॺ

ǇȚȍǋ ƲǷǇ ȍǋȐȚǱȗȐ Ǘǽȍ Ʋ ȐȗƲȗǡȐȗǡǁȐॺǽǷǱΘ �ȐǡǶǽΑ Ϯȗ ΒǡȗǞ ǯࣁࣃ ȗǽΘȐ Ʋȍǋ ȐǞǽΒǷ ǡǷ $ǡǘȚȍǋ लࣆࣃलࣁࣂ HǷǋ ǁƲǷ Ȑǋǋ

ȗǞƲȗ ȗǞǋ ǶǋƲǷ ΑƲǱȚǋȐ Ʋǘȍǋǋ ǡǷ ȗǞǋ ȍǋǘȚǱƲȍǡΝǋǇ ǁƲȐǋळ ǀȚȗ ȗǞǋ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ʋȍǋ ǽΑǋȍǋȐȗǡǶƲȗǋǇ ǀΘ ȚȊ ȗǽ

੆ࣁࣂ ȍǋǱƲȗǡΑǋ ȗǽ ȗǞǋ ȗȍȚǋ ȚǷǁǋȍȗƲǡǷȗΘल bǞǡȐ ȍǋǇȚǁǋǇ ȗǽ ȗǞǋ ǱǋΑǋǱ ǽǗ ƲȊȊȍǽΗǡǶƲȗǋǱΘ ੆ࣆ ΒǞǋǷ ȗǞǋ ǇǽǶǡॺ

ǷƲǷȗ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ʋȍǋ ǡǷǁǱȚǇǋǇ ǡǷ ȗǞǋ Ϯȗल bǞǡȐ ǡȐ ǁǽǷȐǡǇǋȍǋǇ ȗǽ ǀǋ ΒǡȗǞǡǷ ȗǞǋ ȍƲǷǘǋ ǽǗ ȗǽǱǋȍƲǀǡǱǡȗΘ Ǘǽȍ

ȗǞǋ ǶǋƲȐȚȍǋǶǋǷȗ ȐȚǁǞ ȗǞƲȗ ƲǷ ǋϥǽȍȗ ȗǽ ǁǽȍȍǋǁȗ Ǘǽȍ ȗǞǡȐ ǋϥǋǁȗ ǡȐ Ƿǽȗ ȊȚȍȐȚǋǇल
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2 3 4 5 ttW_Bin_018_mu 

"';- I "O 3 
1 � -o:::C 2.5 

2 

1.5 

0.5 

-0.5

-1 
C: 
:.0 

r = 3.0 

-+--+--+-

C\I ('I) s:t U) <D 
C: C: C: C: C: 
:.0 :.0 :.0 :.0 :.0 

I'-
C: 
:.0 

• mean
• sigma

r= 1.0 r= 1.5 

···=-.·······-+-

co 0 C\I ('I) s:t U) co r-- co en � N gJ C: 
:.0 

C: 
:.0 C: C: C: C: C: C: C: C: C: C: C: C: C: 

:.0 :.0 :.0 :.0 :.0 :.0 :.0 :.0 :.0 :.0 :.0 :.0 :.0 

)LJXUH ������ 5HVXOWV RI SHU�ELQNjet XQIROGLQJ HVWLPDWH XVLQJ WR\V FRPSDUHG WR WKH QRPLQDO ĆW XQFHUWDLQW\

DQG FHQWUDO YDOXHV

࣊ࣉࣂ



ࣅঢࣁࣂ Xҟӂ҇ӪҲӺҟ �ү҇ӟҪҟ �ӣӾӈӈҟӪӟӾBҟ҇ӣӮӟҟӈҟӉӪӣ

�ǱǽǷǘ ΒǡȗǞ ǡǷǁǱȚȐǡΑǋ ƲǷǇ ǇǡϥǋȍǋǷȗǡƲǱ ǁȍǽȐȐ ȐǋǁȗǡǽǷ ǶǋƲȐȚȍǋǶǋǷȗȐ ǽǗ ȗǞǋ tt̄W ȊȍǽǁǋȐȐळ ǡȗ ǡȐ ƲǱȐǽ ǡǷȗǋȍॺ

ǋȐȗǡǷǘ ȗǽ ǶǋƲȐȚȍǋ ȗǞǋ ȍǋǱƲȗǡΑǋ ǁǞƲȍǘǋ ƲȐΘǶǶǋȗȍΘ ǇǋϮǷǋǇ ǀΘ

AR
C =

N+ −N−

N+ +N− =
σ(tt̄W+)− σ(tt̄W−)

σ(tt̄W+) + σ(tt̄W−)

ΒǞǋȍǋN± ǡȐ ȗǞǋ ǷȚǶǀǋȍ ǽǗ tt̄W ȐǡǘǷƲǱ ǋΑǋǷȗȐ ȐȊǱǡȗ ǀΘ ȗǞǋ ȗǽȗƲǱ ǁǞƲȍǘǋ ǽǗ ȗǞǋ ǱǋȊȗǽǷȐ ǡǷ ȗǞǋ ǋΑǋǷȗल

bǞǡȐ ǽǀȐǋȍΑƲǀǱǋ ȊȍǽǀǋȐ ȗǞǋ ǇǡϥǋȍǋǷǁǋȐ ǀǋȗΒǋǋǷ ǁȍǽȐȐ ȐǋǁȗǡǽǷȐ Ǘǽȍ tt̄W± ȊȍǽǇȚǁȗǡǽǷ ƲǷǇ ǡȐ ǋΗȊǋǁȗǋǇ

ȗǽ ǀǋ ǱǋȐȐ ȐǋǷȐǡȗǡΑǋ ȗǽ ȐǽǶǋ ǁǽȍȍǋǱƲȗǋǇ ȐΘȐȗǋǶƲȗǡǁ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ǽǗ σ(tt̄W±) ॠǋलǘल ǱȚǶǡǷǽȐǡȗΘ ȚǷॺ

ǁǋȍȗƲǡǷȗΘॡल $ȚȍȗǞǋȍǶǽȍǋळAR
C ǁƲǷ ǀǋ ǋΗȗȍƲǁȗǋǇ ǡǷǁǱȚȐǡΑǋǱΘ ǡǷ ǋƲǁǞ ǽǗ ȗǞǋ 2![[ ƲǷǇ 3! ȍǋǘǡǽǷȐ ƲǷǇ

ƲǱȐǽ ǇǡϥǋȍǋǷȗǡƲǱǱΘल HǷǋ ȊƲȍȗǡǁȚǱƲȍǱΘ ǡǷȗǋȍǋȐȗǡǷǘ ǽǀȐǋȍΑƲǀǱǋ Ǘǽȍ ȗǞǋ ǇǡϥǋȍǋǷȗǡƲǱ ǶǋƲȐȚȍǋǶǋǷȗ ǡȐNǬǋȗȐळ

ΒǞǋȍǋ ȗǞǋ �b=�[ tt̄tt̄ ƲǷƲǱΘȐǡȐ ȗǋƲǶ ǞƲȐ ǽǀȐǋȍΑǋǇ ǇǋΑǡƲȗǡǽǷȐ ǡǷAR
C ǡǷ tt̄W Ʋȗ ȗǞǋ Ǉǋȗǋǁȗǽȍ ǱǋΑǋǱल /ȗ

ȐǞǽȚǱǇ ƲǱȐǽ ǀǋ ǷǽȗǋǇ ȗǞƲȗ ȗǞǡȐ ǇǋϮǷǡȗǡǽǷ ǡȐ ǇǡȐȗǡǷǁȗ ǗȍǽǶ ȗǞǋ tt̄W ǱǋȊȗǽǷ ǁǞƲȍǘǋ ƲȐΘǶǶǋȗȍΘळ ǇǋϮǷǋǇ

ǀΘ

A!C =
N(∆!

η < 0)−N(∆!
η > 0)

N(∆!
η < 0) +N(∆!

η > 0)
ॠࣁࣂलࣇॡ

ΒǞǡǁǞ ǡȐ ΒǡȗǞǡǷ ȗǞǋ ȐǁǽȊǋ ǽǗ Ʋ ȐǋȊƲȍƲȗǋ ǇǋǇǡǁƲȗǋǇ �b=�[ ƲǷƲǱΘȐǡȐल

sǡȗǞ ȗǞǋ ǡǷǁǱȚȐǡΑǋ ƲǷǇ ǇǡϥǋȍǋǷȗǡƲǱ ǁȍǽȐȐ ȐǋǁȗǡǽǷ ǶǋƲȐȚȍǋǶǋǷȗȐ ȗǽ ǀǋ ȍǋȊǽȍȗǋǇ ǀΘ ȗǞǋ ƲǷƲǱΘȐǡȐळ ǡȗ

ǡȐ ǡǷ ȊȍǡǷǁǡȊǱǋ ȊǽȐȐǡǀǱǋ ȗǽ ǶƲǷȚƲǱǱΘ ǁǽǶȊȚȗǋAR
C ल bǞǡȐ ΒǽȚǱǇ Ƿǽȗ ǽǷǱΘ ȍǋȌȚǡȍǋ Ʋ ǞǡǘǞǱΘ ǘȍƲǷȚǱƲȍ Ǉǋॺ

ȐǁȍǡȊȗǡǽǷ ǽǗ ȐΘȐȗǋǶƲȗǡǁ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ǀȚȗ ƲǱȐǽ Ʋ ǁƲȍǋǗȚǱ ȗȍǋƲȗǶǋǷȗ ǽǗ ȗǞǋǡȍ ǁǽǶǀǡǷƲȗǡǽǷ ǁǽǷȐǡǇǋȍǡǷǘ

ȗǞǋǡȍ ǁǽȍȍǋǱƲȗǡǽǷȐल CǽǷॺ%ƲȚȐȐǡƲǷ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ΒǽȚǱǇ ǡǷ ȊƲȍȗǡǁȚǱƲȍ ǀǋ ǷǽǷॺȗȍǡΑǡƲǱ ȗǽ ǞƲǷǇǱǋल � ȐǽǱȚॺ

ȗǡǽǷ ȗǽ ȗǞǡȐ ȊȍǽǀǱǋǶ ǡȐ ȗǽ ȍǋȊƲȍƲǶǋȗȍǡΝǋ ȗǞǋ ǱǡǯǋǱǡǞǽǽǇ ǗȚǷǁȗǡǽǷ ǡǷ ȗǞǋ U=e Ϯȗ ǡǷ ȗǋȍǶȐ ǽǗAR
C ƲǷǇ

ࣁ࣊ࣂ



ǁǞƲȍǘǋॺǡǷǁǱȚȐǡΑǋ ǷǽȍǶƲǱǡΝƲȗǡǽǷ ǗƲǁȗǽȍȐ ǡǷȐȗǋƲǇ ǽǗ ȊǋȍॺǀǡǷ ǷǽȍǶƲǱǡΝƲȗǡǽǷ ǗƲǁȗǽȍȐ ॠC$ॡ Ʋȗ ȗǞǋ ϮǇȚǁǡƲǱ

ǱǋΑǋǱल bǞǡȐ ΒǽȚǱǇ ǱǋΑǋȍƲǘǋ ȗǞǋ ǱǡǯǋǱǡǞǽǽǇ Ϯȗ ǡȗȐǋǱǗ ȗǽ ǞƲǷǇǱǋ ȗǞǋ ǷǽǷॺȗȍǡΑǡƲǱ ȐΘȐȗǋǶƲȗǡǁ ȚǷǁǋȍȗƲǡǷȗǡǋȐ

ǁƲǱǁȚǱƲȗǡǽǷ ǗǽȍAR
C ल [ȚǁǞ ȍǋȊƲȍƲǶǋȗȍǡΝǋǇ ϮȗȐ ȊȍǽǇȚǁǋ ȗǞǋ ȐƲǶǋ ȚǷǗǽǱǇǋǇ ǇǡȐȗȍǡǀȚȗǡǽǷȐ ƲȐ ȗǞǋ ǷǽǶǡॺ

ǷƲǱ ȚǷǗǽǱǇǡǷǘ ϮȗȐल bǞǋΘ ȊȍǽΑǡǇǋAR
C ǶǋƲȐȚȍǋǶǋǷȗȐ Ʋȗ ȗǞǋ ȊƲȍȗǡǁǱǋॺǱǋΑǋǱ ǡǷ ǋƲǁǞ ǽǗ ȗǞǋ 2!SS ƲǷǇ 3!

ϮǇȚǁǡƲǱ ΑǽǱȚǶǋȐल

ࣂঢࣅঢࣁࣂ U҇ӟ҇ӈҟӪӟҲԂ҇ӪҲӐӉ [ҟӪӮӜӣ

bǞǋȍǋ Ʋȍǋ ǗǽȚȍ ȊƲȍƲǶǋȗȍǡΝƲȗǡǽǷ ȐǋȗȚȊȐ Ǘǽȍ ǋƲǁǞ ǽǀȐǋȍΑƲǀǱǋल [ǋȗȚȊȐ ࣃॺࣂ Ʋȍǋ ƲǷƲǱǽǘǽȚȐ ȗǽ ळࣅॺࣄ ΒǞǋȍǋ

ࣅॺࣄ ƲǱǱǽΒ Ǘǽȍ ȗǞǋ ǋΗȗȍƲǁȗǡǽǷ ǽǗAR
C ल bǞǋ ȍǋǇǋϮǷǡȗǡǽǷȐ ǡǷ ȗǞǋ ǱǡǯǋǱǡǞǽǽǇ ǗȚǷǁȗǡǽǷ Ʋȍǋ ƲǁǞǡǋΑǋǇ ΑǡƲ ȗǞǋ

�5-/"00&,+0 ǀǱǽǁǯ ǽǗ ���5	&11"/ल

लࣂ bǞǋ ϮȍȐȗ ǡȐ ȗǞǋ ȐȗƲǷǇƲȍǇ ǁǽǷϮǘȚȍƲȗǡǽǷ ΒǡȗǞ ȊǋȍॺǀǡǷ C$Ȑ ǡǷ ǋƲǁǞ ǽǗ ȗǞǋ ࣅ ϮǇȚǁǡƲǱ ȍǋǘǡǽǷȐऴ

{µ2!SS++
i }mi=1, {µ2!SS−−

i }mi=1, {µ3!+
i }mi=1, {µ3!−

i }mi=1

ΒǞǋȍǋm ǇǋǷǽȗǋȐ ȗǞǋ ȗǽȗƲǱ ǷȚǶǀǋȍ ǽǗ ǀǡǷȐ Ȋǋȍ ȍǋǘǡǽǷ ॠǀȚȗ ǷǋǋǇ Ƿǽȗ ǀǋ ȗǞǋ ȐƲǶǋ ǀǋȗΒǋǋǷ
2!SS ƲǷǇ 3!ॡल bǞǡȐ ǡȐ ȗǞǋ ȐȗƲǷǇƲȍǇ ȚǷǗǽǱǇǡǷǘ ȐǋȗȚȊ ǡǷ ���5	&11"/ल

लࣃ bǞǋ ȐǋǁǽǷǇ ǁǽǷϮǘȚȍƲȗǡǽǷ ǡȐ ǇǋϮǷǋǇ ǀΘ ȗǞǋ ȍǋǇǋϮǷǡȗǡǽǷ ǽǗ ȗǞǋ C$ ǽǗ ȗǞǋ ϮȍȐȗ ǀǡǷ ǡǷ ǋƲǁǞ
ȍǋǘǡǽǷ ǡǷ ȗǋȍǶȐ ǽǗ ȊǋȍॺǁǞƲǷǷǋǱ C$Ȑळ ȐȚǁǞ ȗǞƲȗ ȗǞǋ ȊƲȍƲǶǋȗǋȍȐ ǽǗ ǡǷȗǋȍǋȐȗ ॠUH/ॡ Ʋȍǋऴ

{µ2!SS++
i }mi=2, {µ2!SS−−

i }mi=2, {µ3!+
i }mi=2, {µ3!−

i }mi=2

µ2!SS++, µ2!SS−−, µ3!+, µ3!−

bǞǋ ȍǋǇǋϮǷǡȗǡǽǷ ǡȐ ǇǋϮǷǋǇ ΒǡȗǞ ȗǞǋ ǶƲȗǞǋǶƲȗǡǁƲǱ ǗǽȍǶȚǱƲ

µ1 =
1

N1

(
µN −

m∑

i=2

µiNi

)

ΒǞǋȍǋ µi ǡȐ ȗǞǋ C$ ǽǗ ȗǞǋ iȗǞ ǀǡǷ ǡǷ Ʋ ǘǡΑǋǷ ϮǇȚǁǡƲǱ ȍǋǘǡǽǷ ƲǷǇ µ ǡȐ ȗǞǋ ǡǷǁǱȚȐǡΑǋ C$ Ǘǽȍ ȗǞƲȗ
ȍǋǘǡǽǷल bǞǋ ΑƲȍǡƲǀǱǋȐN(i) Ʋȍǋ ȗǞǋ ǁǽȍȍǋȐȊǽǷǇǡǷǘ ǷȚǶǀǋȍ ǽǗ ǋΑǋǷȗȐ ǡǷ ȗǞǋ ǷǽǶǡǷƲǱ ȐǡǘǷƲǱ

ࣂ࣊ࣂ



ȗǋǶȊǱƲȗǋ ȚȐǋǇ ǡǷ ȗǞǋ U=eल bǞǡȐ ǋȌȚƲȗǡǽǷ ǁƲǷ ǀǋ ǇǋȍǡΑǋǇ ǗȍǽǶ ȗǞǋ ǗǽǱǱǽΒǡǷǘ ȍǋǱƲȗǡǽǷऴ

µ =
1

N

(
m∑

i=1

µiNi

)

लࣄ $ǽȍ Ʋ ǘǡΑǋǷ Ȑǋȗ ǽǗ ϮǇȚǁǡƲǱ ȍǋǘǡǽǷ ȐǋȊƲȍƲȗǋǇ ǀΘ ǁǞƲȍǘǋ ॠǡलǋल ǋǡȗǞǋȍ 2!SS ǽȍ 3!ॡळAR
C ǡȐ ǇǋϮǷǋǇ

ǀΘ

AR
C =

µ+N+ − µ−N−

µ+N+ + µ−N−

$ȍǽǶ ȗǞǡȐळ ǽǷǋ ǁƲǷ ȍǋǇǋϮǷǋ ȗǞǋ ȊǋȍॺǀǡǷ C$Ȑ ǡǷ ȗǞǋ ǁǞƲȍǘǋॺȐȊǱǡȗ ȍǋǘǡǽǷȐ ǀΘऴ

µ−
i =

1

2
µi

(
1−

N+
i

N−
i

)(
1−AR

C,i

)

µ+
i =

1

2
µi

(
1−

N−
i

N+
i

)(
1 +AR

C,i

)

bǞǡȐ ȍǋǇǋϮǷǡȗǡǽǷ ƲǱȐǽ ƲǱǱǽΒȐ ȗǞǋ ǁǞƲȍǘǋॺǡǷǁǱȚȐǡΑǋ ȍƲȗǋȐ ȗǽ ǀǋ ǋΗȗȍƲǁȗǋǇ ΑǡƲ µiल Cǽȗǋ ȗǞƲȗ ȗǞǋ
ǀǡǷǷǡǷǘ Ǘǽȍ ȗǞǋ ǘǡΑǋǷ ǽǀȐǋȍΑƲǀǱǋ ǶȚȐȗ ǀǋ ȗǞǋ ȐƲǶǋ ǡǷ ȗǞǋ ǁǞƲȍǘǋॺȐȊǱǡȗ ȍǋǘǡǽǷȐल bǞǋ UH/ Ǘǽȍ
ȗǞǡȐ ǁǽǷϮǘȚȍƲȗǡǽǷ Ʋȍǋ ȗǞǋǷ

{µ2!SS
i }mi=1, {A

R,2!SS
C,i }mi=1, {µ3!

i }mi=1, {A
R,3!
C,i }mi=1

� UH/ ǁǽǷϮǘȚȍƲȗǡǽǷ ΒǞǋȍǋ µ−
i ǡȐ ȍǋǇǋϮǷǋǇ ǡǷ ȗǋȍǶȐ ǽǗ µ

+
i ΒƲȐ ƲǱȐǽ ȐȗȚǇǡǋǇ ΑǡƲ ȗǞǋ ǗǽȍǶȚǱƲ

µ−
i =

µ+
i N

+
i (1−AR

C,i)

N−
i (1 +AR

C,i)

ǀȚȗ ȗǞǡȐ ǁǽǷϮǘȚȍƲȗǡǽǷ ǇǽǋȐ Ƿǽȗ ȊȍǽΑǡǇǋ Ʋ ǶǋƲȐȚȍǋǶǋǷȗ Ǘǽȍ ȗǞǋ ǁǞƲȍǘǋॺǡǷǁǱȚȐǡΑǋ ȍƲȗǋल bǋȐȗǋǇ
U=e ϮȗȐ ƲǱȐǽ Ǉǽ Ƿǽȗ ȐȗƲǀǱΘ ǁǽǷΑǋȍǘǋळ ǱǡǯǋǱΘ Ʋ ȍǋȐȚǱȗ ǽǗ ȗǞǋ ȊȍǋȐǋǷǁǋ ǽǗAR

C ǡǷ ȗǞǋ ǇǋǷǽǶǡǷƲȗǽȍ
ǁƲȚȐǡǷǘ ǡȐȐȚǋȐ ǇȚȍǡǷǘ ȗǞǋ ǡǷȗǋȍǷƲǱ UH/ ȗȍƲǷȐǗǽȍǶƲȗǡǽǷ ȊǋȍǗǽȍǶǋǇ ǀΘB/Ce/bल

लࣅ bǞǋ C$ Ǘǽȍ ȗǞǋ ϮȍȐȗ ǀǡǷ ǽǗ ǋƲǁǞ ȚǷǗǽǱǇǋǇ ǇǡȐȗȍǡǀȚȗǡǽǷ ǁƲǷ ǀǋ ȍǋǇǋϮǷǋǇ ǡǷ ȗǋȍǶȐ ǽǗAR
C ƲǷƲǱǽॺ

ǘǽȚȐǱΘ ȗǽ ȊƲȍƲǶǋȗȍǡΝƲȗǡǽǷ ࣃ ƲȐ ǗǽǱǱǽΒȐऴ

µ−
1 =

1

2N−
1

[
µN(1−AR

C)−
m∑

i=2

µiNi(1−AR
C,i)

]

µ+
1 =

1

2N+
1

[
µN(1 +AR

C)−
m∑

i=2

µiNi(1 +AR
C,i)

]

ࣃ࣊ࣂ



bǞǋ Ȑǋȗ ǽǗ UH/ ǡǷ ȗǞǡȐ ǁǽǷϮǘȚȍƲȗǡǽǷ ǡȐ ǘǡΑǋǷ ǀΘ

{µ2!SS
i }mi=2, {A

R,2!SS
C,i }mi=2, {µ3!

i }mi=2, {A
R,3!
C,i }mi=2

µ2!SS , AR,2!SS
C , µ3!, AR,3!

C

ࣄ࣊ࣂ



11
XǋȐȚǱȗȐ

sǡȗǞ ȗǞǋ ȐȗƲȗǡȐȗǡǁƲǱ ƲǷƲǱΘȐǡȐ ȐȗȍƲȗǋǘΘ ƲǷǇ ȚǷǗǽǱǇǡǷǘ ǶǋȗǞǽǇǽǱǽǘΘ ǽȚȗǱǡǷǋǇळ Βǋ ȗȚȍǷ ǷǽΒ ȗǽ ȗǞǋ ƲǷƲǱΘॺ

ȐǡȐ ǽǗ ǋΗȊǋǁȗǋǇ ƲǷǇ ǽǀȐǋȍΑǋǇ ǶǋƲȐȚȍǋǶǋǷȗȐल bǞǋ ǶǋƲȐȚȍǋǶǋǷȗ ǁǽǷȐǡǇǋȍȐ ƲǷ ǡǷȗǋǘȍƲȗǋǇ ǱȚǶǡǷǽȐǡȗΘ ǽǗ

139 Ǘǀ−1 ǇƲȗƲ ǁǽǱǱǋǁȗǋǇ ǀΘ ȗǞǋ �b=�[ Ǉǋȗǋǁȗǽȍ ǇȚȍǡǷǘ ǘǽǽǇ Ǉǋȗǋǁȗǽȍ ǽȊǋȍƲȗǡǽǷȐ ǀǋȗΒǋǋǷ ࣆࣂࣁࣃ ƲǷǇ

लࣉࣂࣁࣃ bǞǋ ƲǷƲǱΘȐǡȐ ȐȗȍƲȗǋǘΘ ǞƲȐ ǀǋǋǷ ǇǋΑǋǱǽȊǋǇ ΒǡȗǞǽȚȗ ȊǋȍǗǽȍǶǡǷǘ ƲǷΘ ϮȗȐ ȗǽ ȍǋƲǱ ǇƲȗƲ ǡǷ ȗǞǋ [XȐल

bǞǡȐ ǀǱǡǷǇǡǷǘ ȐȗȍƲȗǋǘΘ ƲǡǶȐ ȗǽ ȍǋǇȚǁǋ ȗǞǋ ǱǡǯǋǱǡǞǽǽǇ ǽǗ ǀǡƲȐ ǀΘ ȗǞǋ ƲǷƲǱΘΝǋȍȐ ǡǷ ȐǞƲȊǡǷǘ ȗǞǋ ǶǋƲȐȚȍǋॺ

ǶǋǷȗ ȍǋȐȚǱȗल bǞǡȐ ΒǽȚǱǇ ǀǋ Ʋ ȊƲȍȗǡǁȚǱƲȍ ǁǽǷǁǋȍǷ Ǘǽȍ ȗȚǷǡǷǘ ǽǗ ȗǞǋ ȚǷǗǽǱǇǡǷǘ ȍǋǘȚǱƲȍǡΝƲȗǡǽǷल

bǞǋ ǁǞƲȊȗǋȍ ΒǡǱǱ ȊȍǽǁǋǋǇ ƲȐ ǗǽǱǱǽΒȐल [ǋǁȗǡǽǷ ࣂलࣂࣂ ȐǞǽΒȐ ȗǞǋ ȍǋȐȚǱȗȐ ǽǗ ϮȗȐ ȗǽ ǇƲȗƲ ǡǷ ȗǞǋ �XȐ

ࣅ࣊ࣂ



ƲǱǽǷǋळ ΒǞǡǁǞ ǞƲȐ ǀǋǋǷ ȊǋȍǗǽȍǶǋǇ ȗǞȍǽȚǘǞǽȚȗ ȗǞǋ ƲǷƲǱΘȐǡȐ ǇǋΑǋǱǽȊǶǋǷȗल [ǋǁȗǡǽǷ हह ȐǞǽΒȐ ȗǞǋ ȍǋॺ

ȐȚǱȗȐ ǽǗ ǞΘǀȍǡǇ �ȐǡǶǽΑ ϮȗȐ ȗǽ ǋΑƲǱȚƲȗǋ ȗǞǋ ǋΗȊǋǁȗǋǇ ǶǋƲȐȚȍǋǶǋǷȗ ȊȍǋǁǡȐǡǽǷ ȚǷǇǋȍ ȗǞǋ ǷǽǶǡǷƲǱ tt̄W

ȊȍǋǇǡǁȗǡǽǷल $ǡǷƲǱǱΘळ [ǋǁȗǡǽǷ ࣃलࣂࣂ ȐǞǽΒȐ ȗǞǋ ȍǋȐȚǱȗȐ ǽǗ ǗȚǱǱΘ ȚǷǀǱǡǷǇǋǇ ϮȗȐ ȗǽ ǇƲȗƲ ǡǷ ƲǱǱ ȍǋǘǡǽǷȐल

ࣂঢࣂࣂ �ӐӉӪӟӐӂ XҟҪҲӐӉ $ҲӪӣ ӪӐ �҇Ӫ҇

$ǡȗȐ ȗǽ ǇƲȗƲ ǡǷ ȗǞǋ �XȐ Ʋȍǋ ȊǋȍǗǽȍǶǋǇ ΒǡȗǞ ȗǞǋ tt̄W ΘǡǋǱǇȐ ϮΗǋǇ ȗǽ ȗǞǋ �ȐǡǶǽΑ ȊȍǋǇǡǁȗǡǽǷल BǡǷǽȍ

ȐΘȐȗǋǶƲȗǡǁ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ʋȍǋ ȊȍȚǷǋǇ ȗǽ ȍǋǇȚǁǋ ȗǞǋ ǁǽǶȊǱǋΗǡȗΘ ǽǗ ȗǞǋ Ϯȗ ΒǞǡǱǋ ƲǁǁȚȍƲȗǋǱΘ ǋȐȗǡǶƲȗǡǷǘ

ȚǷǁǋȍȗƲǡǷȗǡǋȐ ȚȐǡǷǘ ȗǞǋ ǶǽȐȗ ǇǽǶǡǷƲǷȗ ȐΘȐȗǋǶƲȗǡǁȐल bǞǡȐ ǡȐ ǋΑƲǱȚƲȗǋǇ ȐǋȊƲȍƲȗǋǱΘ Ǘǽȍ ǷǽȍǶƲǱǡΝƲȗǡǽǷ

ƲǷǇ ȐǞƲȊǋ ǁǽǶȊǽǷǋǷȗȐ ǽǗ ǡǷȐȗȍȚǶǋǷȗƲǱ ƲǷǇ ȗǞǋǽȍǋȗǡǁƲǱ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ƲǷǇ ƲǱȐǽ Ǘǽȍ B� ȐȗƲȗǡȐȗǡǁƲǱ

ȚǷǁǋȍȗƲǡǷȗǡǋȐ ǶǽǇǋǱǋǇ ǀΘ γ ǗƲǁȗǽȍȐ ǡǷ ȗǞǋ ǱǡǯǋǱǡǞǽǽǇल CǽȍǶƲǱǡΝƲȗǡǽǷ ǁǽǶȊǽǷǋǷȗȐ ǽǗ ȚǷǁǋȍȗƲǡǷȗǡǋȐ

ƲȊȊǱǡǋǇ ȗǽ ȐȊǋǁǡϮǁ ȐƲǶȊǱǋȐ Ʋȍǋ ǇȍǽȊȊǋǇ ǡǗ ȗǞǋΘ Ʋȍǋ ǀǋǱǽΒ ȗǞǋ ੆ࣂ ȗǞȍǋȐǞǽǱǇ ƲǷǇ ȗǞǋ ȐǞƲȊǋ ǁǽǶȊǽǷǋǷȗ

ǽǗ ȐΘȐȗǋǶƲȗǡǁȐ ǡȐ ǇȍǽȊȊǋǇ ǡǗ Ƿǽ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ǽǗ ǀǡǷ ΘǡǋǱǇȐ Ʋȍǋ ǱƲȍǘǋȍ ȗǞƲǷ ੆लࣂ [ǡǶǡǱƲȍǱΘळ γ ǗƲǁȗǽȍȐ Ǘǽȍ

B� ȐȗƲȗǡȐȗǡǁƲǱ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ʋȍǋ ǇȍǽȊȊǋǇ ǡǗ ȗǞǋ ȍǋǱƲȗǡΑǋ ȚǷǁǋȍȗƲǡǷȗΘ ǡǷ ȗǞǋ ǘǡΑǋǷ ǀǡǷ ǡȐ ǀǋǱǽΒ ੆लࣂ

UȍǋॺϮȗ ƲǷǇ ȊǽȐȗॺϮȗ ǇƲȗƲूB� ǁǽǶȊƲȍǡȐǽǷȐ Ʋȍǋ ȐǞǽΒǷ ǡǷ $ǡǘȚȍǋȐ ࣄलࣂࣂॺࣂलࣂࣂ ΒǡȗǞ ȗǞǋ ǁǽȍȍǋȐȊǽǷǇǡǷǘ

ǀƲǁǯǘȍǽȚǷǇ ǷǽȍǶƲǱǡΝƲȗǡǽǷ ǗƲǁȗǽȍȐ ǽǀȗƲǡǷǋǇ ǗȍǽǶ ȗǞǋ Ϯȗ Ʋȍǋ ǘǡΑǋǷ ǡǷ $ǡǘȚȍǋ लࣅलࣂࣂ bǞǋ ƲǘȍǋǋǶǋǷȗ

ǀǋȗΒǋǋǷ ǇƲȗƲ ƲǷǇB� ǡȐ ǘǋǷǋȍƲǱǱΘ ǘǽǽǇ ȊȍǋॺϮȗळ ΒǡȗǞ ȐǽǶǋ ǶǡȐॺǶǽǇǋǱǡǷǘ ǡǷ ȗǞǋ ǱǽΒॺpT ǀǡǷȐ ǽǗ ȗǞǋ

,$e/µbB�XȐल bǞǋ ƲǘȍǋǋǶǋǷȗ ǡȐ ΑǋȍΘ ǘǽǽǇ ȊǽȐȗॺϮȗळ ΒǞǋȍǋ ƲǱǱ B� ΘǡǋǱǇȐ Ʋȍǋ ǁǽǷȐǡȐȗǋǷȗ ΒǡȗǞ ǇƲȗƲ

ΒǡȗǞǡǷ ȐȗƲȗǡȐȗǡǁƲǱ ƲǷǇ ȐΘȐȗǋǶƲȗǡǁ ȚǷǁǋȍȗƲǡǷȗǡǋȐल bǞǋ ȊǽȐȗॺϮȗ ǀƲǁǯǘȍǽȚǷǇ ǷǽȍǶƲǱǡΝƲȗǡǽǷȐ Ʋȍǋ ǘǋǷǋȍƲǱǱΘ

ǁǽǷȐǡȐȗǋǷȗ ΒǡȗǞ ȚǷǡȗΘळ ΒǡȗǞ ȐǱǡǘǞȗ ȊȍǋǗǋȍǋǷǁǋ Ǘǽȍ ǱƲȍǘǋȍ ΘǡǋǱǇȐल

bǞǋ ǷȚǡȐƲǷǁǋ ȊƲȍƲǶǋȗǋȍ ȊȚǱǱȐ ƲǷǇ ȊǽȐȗॺϮȗ ǁǽǷȐȗȍƲǡǷȗȐ Ʋȍǋ ȐǞǽΒǷ ǡǷ $ǡǘȚȍǋ हहल /ǷȐȗȍȚǶǋǷȗƲǱ ȚǷॺ

ǁǋȍȗƲǡǷȗΘ CUȐ Ʋȍǋ ǘǋǷǋȍƲǱǱΘ Ƿǽȗ ȊȚǱǱǋǇळ ΒǡȗǞ ȐǽǶǋ ǇǽΒǷΒƲȍǇ ȊȚǱǱȐ ǽǷ ȗǞǋ :�[ ȊǡǱǋȚȊ ρॺǁƲǱǡǀȍƲȗǡǽǷ

ࣆ࣊ࣂ
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s = 13 TeV, 139 fb-1�

ttW ML
HFe 2lSS TM 1b�
Pre-Fit

Data
Wtt

W EWtt
Htt
*)γ(Z/tt

*(low mass)γtt
VV+light

VV+c
VV+b
ggZZ

Mat Conv
µHF

HFel
QMisID

Other
Total

Uncertainty

72.0
7.1
0.5
3.5
5.9
4.1
2.1
3.5
1.8
0.0
3.2
1.8

31.0
2.0
1.9
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s = 13 TeV, 139 fb-1�

ttW ML
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Pre-Fit

Data
Wtt

W EWtt
Htt
*)γ(Z/tt

*(low mass)γtt
VV+light

VV+c
VV+b
ggZZ

Mat Conv
µHF

HFel
QMisID

Other
Total

Uncertainty

24.0
3.5
0.2
1.8
3.0
2.3
0.9
1.4
0.8
0.0
1.6
8.4
5.2
1.4
1.0

31.6
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Pre-Fit

Data
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W EWtt
Htt
*)γ(Z/tt

*(low mass)γtt
VV+light

VV+c
VV+b
ggZZ

Mat Conv
µHF

HFel
QMisID

Other
Total

Uncertainty

15.0
1.3
0.1
0.8
1.3
0.5
0.3
0.6
0.4
0.0
0.8
2.9
4.1
1.2
0.3

14.7
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Post-Fit

Data
Wtt

W EWtt
Htt
*)γ(Z/tt

*(low mass)γtt
VV+light

VV+c
VV+b
ggZZ

Mat Conv
µHF

HFel
QMisID

Other
Total

Uncertainty

72.0
7.1
0.5
3.4
6.8
3.9
2.1
4.1
2.1
0.0
4.4
2.1

29.5
2.1
1.9
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Post-Fit

Data
Wtt

W EWtt
Htt
*)γ(Z/tt

*(low mass)γtt
VV+light

VV+c
VV+b
ggZZ

Mat Conv
µHF

HFel
QMisID

Other
Total

Uncertainty

24.0
3.4
0.2
1.7
3.2
2.1
0.8
1.6
0.9
0.0
1.2
8.5
4.4
1.2
1.0

30.2
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s = 13 TeV, 139 fb-1�

ttW ML
HFe 2lSS MM 1b�
Post-Fit

Data
Wtt

W EWtt
Htt
*)γ(Z/tt

*(low mass)γtt
VV+light

VV+c
VV+b
ggZZ

Mat Conv
µHF

HFel
QMisID

Other
Total

Uncertainty

15.0
1.2
0.2
0.7
1.6
0.4
0.3
0.7
0.4
0.0
1.0
3.0
3.8
1.2
0.3

14.9

)LJXUH ����� 'DWD�0& FRPSDULVRQV LQ +)e&5V SUH�ĆW �WRS� DQG SRVW�ĆW �ERWWRP��

ȚǷǁǋȍȗƲǡǷȗΘࣂ ƲǷǇ ȗǞǋ ǱǋƲǇǡǷǘ ȗΒǽ ǁǽǶȊǽǷǋǷȗȐ ǽǗ ȗǞǋ bॺȗƲǘǘǡǷǘ ȚǷǁǋȍȗƲǡǷȗǡǋȐल Cǽ CU ȊȚǱǱȐ Ʋȍǋ ȐǋǋǷ

Ǘǽȍ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ǽǷ ȗǞǋ ��WBǡȐ/� ǋȐȗǡǶƲȗǋ ǽȍ ȗǞǋ ǱǋȊȗǽǷ U=/q ȚǷǁǋȍȗƲǡǷȗǡǋȐल [ǽǶǋ ȊȚǱǱȐ Ʋȍǋ ȐǋǋǷ

ǡǷ CUȐ ȍǋǱƲȗǡǷǘ ȗǽ ȗǞǋ tt̄Z ǶǽǇǋǱǡǷǘळ ΒǞǋȍǋ Ʋ ȊȍǋǗǋȍǋǷǁǋ Ǘǽȍ ȗǞǋ ƲǱȗǋȍǷƲȗǋ tt̄Z ȐǞǽΒǋȍǡǷǘ ƲǱǘǽȍǡȗǞǶ

ǡȐ ȐǋǋǷल bǞǋȍǋ ǡȐ ƲǱȐǽ Ʋ ȊȍǋǗǋȍǋǷǁǋ Ǘǽȍ ǱƲȍǘǋȍ tt̄Z ਭ,$ ȊȍǽǇȚǁȗǡǽǷ ǽǗ ƲȊȊȍǽΗǡǶƲȗǋǱΘ ੆लࣁࣃ [ǽǶǋ Ƕǡॺ

Ƿǽȍ ȊȚǱǱȐ Ʋȍǋ Ȑǋǋ ǽǷ ȗǞǋ CUȐ ǁǽǷȗȍǽǱǱǡǷǘ ǷǽǷॺǁǱǽȐȚȍǋ ǡǷ U=/q ǽǀȐǋȍΑƲǀǱǋȐल �ǱǱ CUȐ ȍǋȗƲǡǷ ȐǡǶǡǱƲȍ

ȊǽȐȗॺϮȗ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ȗǽ ȗǞǋǡȍ ȊȍǋॺϮȗ ΑƲǱȚǋȐळ ǡǷǇǡǁƲȗǡǷǘ ȗǞƲȗ ȗǞǋ Ϯȗ ǇǽǋȐ Ƿǽȗ ǁǽǷȐȗȍƲǡǷ ƲǷΘ ǽǗ ȗǞǋ CUȐल

$ǡǘȚȍǋ ࣇलࣂࣂ ȐǞǽΒȐ ȗǞǋ ȊȚǱǱȐ ǽǷ γ CU ȗǞƲȗ Ʋȍǋ ǁǽǷȐǡȐȗǋǷȗ ΒǡȗǞ ȚǷǡȗΘ ǋΗǁǋȊȗ Ǘǽȍ Ʋ ȐǱǡǘǞȗ ȚȊΒƲȍǇ ȊȚǱǱ ǡǷ

ȗǞǋ ǞǡǘǞॺpT ǀǡǷ ǽǗ ȗǞǋ bB,$µ�Xल $ǡǷƲǱǱΘळ $ǡǘȚȍǋ ࣈलࣂࣂ ȐǞǽΒȐ ȗǞǋ ǁǽȍȍǋǱƲȗǡǽǷ ǶƲȗȍǡΗ ǽǗ ƲǱǱ ȊƲȍƲǶॺ

ǋȗǋȍȐ ǡǷǁǱȚǇǋǇ ǡǷ ȗǞǋ Ϯȗळ ΒǞǋȍǋ CUȐ ΒǡȗǞ Ƿǽ ǁǽȍȍǋǱƲȗǡǽǷȐ ƲǀǽΑǋ ੆ࣁࣃ Ʋȍǋ ȐǞǽΒǷल �ǷȗǡॺǁǽȍȍǋǱƲȗǡǽǷȐ
ǋȍǋ,ࣂ ρ ȍǋǗǋȍȐ ȗǽ ȗǞǋ Ǭǋȗ pT ǇǋǷȐǡȗΘ ƲǷǇ ǡȐ ǁǽȍȍǋǁȗǋǇ ȗǽ ǇƲȗƲ ǡǷ ȗǞǋ ȊȍǋȐǋǷǁǋ ǽǗ ȊǡǱǋȚȊ

ࣇ࣊ࣂ
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Pre-Fit

Data
Wtt

W EWtt
Htt
*)γ(Z/tt

*(low mass)γtt
VV+light

VV+c
VV+b
ggZZ

Mat Conv
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1.8 -53.3 4.1 7.2 2.4 -0.9 0.9 6.4 100.0 3.0 6.4 1.1 1.9 -0.9 -0.5 0.5 -0.2 0.1 0.2 0.5 2.9 -1.5 0.7

-2.0 -36.2 20.2 -5.6 14.2 0.5 -0.4 100.0 6.4 -2.4 -2.8 -2.6 -4.2 -0.6 -2.0 -2.8 0.9 -1.6 -0.0 -1.3 -3.6 1.3 -0.5

-0.2 26.7 -5.7 -1.8 -4.6 -0.1 100.0 -0.4 0.9 0.2 -0.4 0.6 0.8 0.6 0.7 1.3 -0.4 0.4 -0.2 0.5 0.3 0.1 -0.1

-58.7 -1.9 10.1 6.6 2.7 100.0 -0.1 0.5 -0.9 0.5 0.9 -31.7 -36.3 0.2 -0.2 -0.0 -14.9 -3.3 -30.4 -0.3 0.1 -0.0 -0.1

-0.8 -29.3 4.0 0.6 100.0 2.7 -4.6 14.2 2.4 0.8 -6.6 -3.1 -3.3 -5.6 -0.1 -0.3 0.9 -1.4 0.2 -0.4 -0.0 2.6 -62.6

-11.7 -4.7 10.5 100.0 0.6 6.6 -1.8 -5.6 7.2 -0.5 -0.7 -3.4 -4.7 -2.9 -1.4 36.3 8.8 -34.6 0.4 -20.5 -40.0 0.8 0.2

-18.3 -22.2 100.0 10.5 4.0 10.1 -5.7 20.2 4.1 -11.1 -3.8 -5.4 -9.7 -22.2 -33.7 2.4 8.6 -29.9 -0.1 -16.2 3.5 6.5 1.5

2.3 100.0 -22.2 -4.7 -29.3 -1.9 26.7 -36.2 -53.3 38.3 24.1 4.2 4.4 2.4 2.2 1.7 -0.9 1.2 -0.4 0.4 -1.2 -23.4 9.9

100.0 2.3 -18.3 -11.7 -0.8 -58.7 -0.2 -2.0 1.8 -0.3 -0.8 21.7 42.4 0.0 2.8 -3.5 -48.0 -5.2 10.2 1.3 -1.1 0.1 -0.0
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ࣃঢࣂࣂ �ҲҩҩҟӟҟӉӪҲ҇ӂBҟ҇ӣӮӟҟӈҟӉӪӣ

sǋ ǷǽΒ ȗȚȍǷ ȗǽ ȗǞǋ ȍǋȐȚǱȗȐ ǽǗ ǗȚǱǱΘ ȚǷǀǱǡǷǇǋǇ ϮȗȐ ȊǋȍǗǽȍǶǋǇ ȐǡǶȚǱȗƲǷǋǽȚȐǱΘ ǡǷ ȐǡǘǷƲǱ ƲǷǇ ǁǽǷȗȍǽǱ

ȍǋǘǡǽǷȐल /ǷǁǱȚȐǡΑǋ ϮǇȚǁǡƲǱ ǁȍǽȐȐ ȐǋǁȗǡǽǷȐ ƲǷǇ ȍǋǱƲȗǡΑǋ ǁǞƲȍǘǋ ƲȐΘǶǶǋȗȍǡǋȐ ǋΗȗȍƲǁȗǋǇ ǗȍǽǶ ϮȗȐ ȗǽ ȗǞǋ

Njets ǇǡȐȗȍǡǀȚȗǡǽǷ Ʋȍǋ ȌȚǽȗǋǇ ǡǷ bƲǀǱǋȐ ࣂलࣂࣂ ƲǷǇ लࣃलࣂࣂ bǞǋȐǋ ΑƲǱȚǋȐ Ʋȍǋ ǁǽǷȐǡȐȗǋǷȗ ǀǋȗΒǋǋǷ ϮȗȐ ǽǗ

ǽȗǞǋȍ ǽǀȐǋȍΑƲǀǱǋȐ ǡǷ ȗǞǋ [Xळ ǀȚȗ ȗǞǋNjets ǇǡȐȗȍǡǀȚȗǡǽǷ ǽϥǋȍȐ ȐǱǡǘǞȗǱΘ ǞǡǘǞǋȍ ȊȍǋǁǡȐǡǽǷल bǞǋȐǋ ȍǋॺ

ȐȚǱȗȐ Ʋȍǋ ƲǱȐǽ ȐǞǽΒǷ ǘȍƲȊǞǡǁƲǱǱΘ ǡǷ $ǡǘȚȍǋ ࣉलࣂࣂ ΒǡȗǞ ǷǽǶǡǷƲǱ ȊȍǋǇǡǁȗǡǽǷȐ ǗȍǽǶ ǽȗǞǋȍ tt̄W B� ȐƲǶॺ

ȊǱǋȐल bǞǋ ϮǇȚǁǡƲǱ ǁȍǽȐȐ ȐǋǁȗǡǽǷȐ ǡǷ 2![[ ǁǞƲǷǷǋǱȐ Ʋȍǋ ǶǋƲȐȚȍǋǇ Ʋȗ ȍǽȚǘǞǱΘ ࣆࣃलࣂ ȗǡǶǋȐ ȗǞǋ ȗǞǋǽȍǋȗǡǁƲǱ

ǋΗȊǋǁȗƲȗǡǽǷ ΒǞǡǱǋ ǡǷ 3! ǁǞƲǷǷǋǱȐ ȗǞǋΘ Ʋȍǋ ǶǋƲȐȚȍǋǇ Ʋȗ ࣆࣂलࣂ ȗǡǶǋȐ ȗǞǋ ȗǞǋǽȍǋȗǡǁƲǱ ǋΗȊǋǁȗƲȗǡǽǷल AR
C

ǶǋƲȐȚȍǋǇ ǡǷ ȗǞǋ 2![[ ȍǋǘǡǽǷȐ ǡȐ ǱƲȍǘǋȍ ȗǞƲǷ ȗǞǋ ȊȍǋǇǡǁȗǡǽǷळ ΒǞǡǱǋ ǡǷ 3! ȗǞǋ ǶǋƲȐȚȍǋǇ ΑƲǱȚǋ ǡȐ ȐǶƲǱǱǋȍल

Cǽȗǋ ȗǞƲȗ ΒǞǡǱǋ ȗǞǋ ǁǞƲȍǘǋॺǡǷǁǱȚȐǡΑǋ ϮǇȚǁǡƲǱ ǁȍǽȐȐ ȐǋǁȗǡǽǷȐ Ʋȍǋ ǇǽǶǡǷƲȗǋǇ ǀΘ ȐΘȐȗǋǶƲȗǡǁ ȚǷǁǋȍȗƲǡǷॺ

ȗǡǋȐळAR
C ǡȐ ǱǡǶǡȗǋǇ ǀΘ ȐȗƲȗǡȐȗǡǁƲǱ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ॠƲȐ ǋΗȊǋǁȗǋǇॡल UȍǋǇǡǁȗǡǽǷȐ Ʋȍǋ ǁǽǷȐǡȐȗǋǷȗ ΒǡȗǞ ǶǋƲȐȚȍǋॺ

ǶǋǷȗ Ʋȗ ȗǞǋ ǱǋΑǋǱ ǽǗ ȗΒǽ ȐȗƲǷǇƲȍǇ ǇǋΑǡƲȗǡǽǷȐल

7DEOH ����� ,QFOXVLYH ĆGXFLDO FURVV VHFWLRQV IRU tt̄W ± SURGXFWLRQ H[WUDFWHG IURP ĆWV WR WKHNjets GLVWULEXWLRQ�

7KHRU\ SUHGLFWLRQV DUH GHULYHG IURP 6KHUSD ������ZLWK 3') DQG VFDOH XQFHUWDLQWLHV LQFOXGHG�

$ǡǇȚǁǡƲǱ XǋǘǡǽǷ BǋƲȐȚȍǋǇ �ȍǽȐȐ [ǋǁȗǡǽǷ ।Ǘǀ॥ bǞǋǽȍΘ ।Ǘǀ॥
2"[[ਭਭ 12.9± 1.6 [±0.7 ॠȐȗƲȗॡ± 1.4 ॠȐΘȐȗॡ] 9.4± 2.5
2"[[ॺॺ 5.6± 1.1 [±0.6 ॠȐȗƲȗॡ± 0.8 ॠȐΘȐȗॡ] 5.0± 1.5
3"ਭ 2.4± 0.6 [±0.4 ॠȐȗƲȗॡ± 0.4 ॠȐΘȐȗॡ] 2.1± 0.6
3"ॺ 1.4± 0.6 [±0.3 ॠȐȗƲȗॡ± 0.3 ॠȐΘȐȗॡ] 1.2± 0.3
2"[[ 18.4± 2.4 [±0.9 ॠȐȗƲȗॡ± 2.2 ॠȐΘȐȗॡ] 14.5± 4.0
3" 4.1± 0.9 [±0.5 ॠȐȗƲȗॡ± 0.7 ॠȐΘȐȗॡ] 3.3± 0.9

bǞǋ ǀȍǋƲǯǇǽΒǷ ǽǗ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ǘǽȍ ȗǞǋ ǡǷǁǱȚȐǡΑǋ ǶǋƲȐȚȍǋǶǋǷȗȐ Ʋȍǋ ȐǞǽΒǷ ǡǷ $ǡǘȚȍǋ ल࣊लࣂࣂ bǞǋ

ǱǋƲǇǡǷǘ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ȊǋȍȗƲǡǷ ȗǽ tt̄W ǶǽǇǋǱǡǷǘळ ƲǱǶǽȐȗ ǋǷȗǡȍǋǱΘ ǗȍǽǶ ȗǞǋ ǇǡϥǋȍǋǷǁǋ ǀǋȗΒǋǋǷ ȍǋॺ

ȐȊǽǷȐǋ ǶǽǇǋǱǡǷǘ ǀǋȗΒǋǋǷ [үҟӟӜ҇ ƲǷǇB%ࣆ঱҇B�૦C=H ल bǞǋ ǋϨǁǡǋǷǁΘ ǁǽȍȍǋǁȗǡǽǷȐ ǇǋȍǡΑǋǇ

ࣂࣁࣃ



7DEOH ����� 5HODWLYH FKDUJH DV\PPHWULHV LQ 2!66 DQG 3! ĆGXFLDO UHJLRQV H[WUDFWHG IURP ĆWV WR WKHNjets GLVWUL�

EXWLRQ� 7KHRU\ SUHGLFWLRQV DUH GHULYHG IURP 6KHUSD ������ZLWK 3') DQG VFDOH XQFHUWDLQWLHV LQFOXGHG�

$ǡǇȚǁǡƲǱ XǋǘǡǽǷ BǋƲȐȚȍǋǇAR
C bǞǋǽȍΘ ।Ǘǀ॥

2"[[ 0.39± 0.06 [±0.05 ॠȐȗƲȗॡ± 0.03 ॠȐΘȐȗॡ] 0.30± 0.02
3" 0.21± 0.13 [±0.12 ॠȐȗƲȗॡ± 0.04 ॠȐΘȐȗॡ] 0.29± 0.02

ǡǷ B%ࣆ঱҇B�૦C=H Ʋȍǋ ǱǽΒǋȍ ȗǞƲǷ ȗǞǋ ǷǽǶǡǷƲǱ [үҟӟӜ҇ ȊȍǋǇǡǁȗǡǽǷ ǀΘ ੆ࣆ ȚǷǡǗǽȍǶǱΘ ƲǁȍǽȐȐ ȗǞǋ

ࣁࣂ ǽǀȐǋȍΑƲǀǱǋȐ ǁǞǽȐǋǷ Ǘǽȍ ȚǷǗǽǱǇǡǷǘल bǞǋ ǷǋΗȗ ǱǋƲǇǡǷǘ ȐǽȚȍǁǋ ǽǗ ȚǷǁǋȍȗƲǡǷȗΘ ǁǽǶǋ ǗȍǽǶ ȗǞǋ ȐǋǶǡॺ

ǇƲȗƲॺǇȍǡΑǋǷ ǀƲǁǯǘȍǽȚǷǇ ǋȐȗǡǶƲȗǡǽǷल bǞǋ ǀƲǱƲǷǁǋ ǽǗ ǀƲǁǯǘȍǽȚǷǇ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ΑȐ tt̄W ǶǽǇǋǱǡǷǘ ȚǷॺ

ǁǋȍȗƲǡǷȗǡǋȐ ΑƲȍǡǋȐ ǀΘ ϮǇȚǁǡƲǱ ȍǋǘǡǽǷळ ȗȍƲǁǯǡǷǘ ΒǡȗǞ ȗǞǋ ȍƲȗǡǽ ǽǗ ȐǡǘǷƲǱ ȗǽ ǀƲǁǯǘȍǽȚǷǇ ǡǷ ǋƲǁǞल bǞǋ ǷǋΗȗ

ǶǽȐȗ ǱǋƲǇǡǷǘ ȚǷǁǋȍȗƲǡǷȗΘ Ʋȍǋ ȗǞǋ ǡǷȐȗȍȚǶǋǷȗƲǱ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ǗȍǽǶ :�[ ƲǷǇ :�Xळ ǀȚȗ ȗǞǋȐǋ Ʋȍǋ ȐǡǘǷǡϮॺ

ǁƲǷȗǱΘ ȐȚǀǇǽǶǡǷƲǷȗल $ȚȍȗǞǋȍ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ȍǋǱƲȗǋǇ ȗǽ ǞǋƲΑΘ ϱƲΑǽȍ ȗƲǘǘǡǷǘळ U=/qळ ȗȍǡǘǘǋȍळ ǱȚǶǡǷǽȐǡȗΘळ

ǱǋȊȗǽǷ ȍǋǁǽǷȐȗȍȚǁȗǡǽǷळ ƲǷǇEmiss
T ȍǋǁǽǷȐȗȍȚǁȗǡǽǷ Ʋȍǋ ȐǶƲǱǱल eǷǁǋȍȗƲǡǷȗǡǋȐ ǗȍǽǶ ϮǷǡȗǋ B� ȐȗƲȗǡȐȗǡǁȐ

Ʋȍǋ ǷǽȗƲǀǱΘ Ƿǽȗ ȗǞǋ ǱǋƲȐȗ ȐǡǘǷǡϮǁƲǷȗ ȚǷǁǋȍȗƲǡǷȗΘल $ǡǷƲǱǱΘळ ǡȗ ǡȐ ȊǱƲǡǷ ȗǞƲȗ ȐȗƲȗǡȐȗǡǁƲǱ ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ʋȍǋ

ΑǋȍΘ ǇǽǶǡǷƲǷȗ ǡǷ ȗǞǋ ǋΗȗȍƲǁȗǡǽǷ ǽǗAR
C ळ ȊƲȍȗǡǁȚǱƲȍǱΘ Ǘǽȍ 3! ǁǞƲǷǷǋǱȐल �ǶǽǷǘ ȗǞǋ ȐȚǀǇǽǶǡǷƲǷȗ ȐΘȐॺ

ȗǋǶƲȗǡǁ ȚǷǁǋȍȗƲǡǷȗǡǋȐळ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ǗȍǽǶ tt̄W ǶǽǇǋǱ Ʋȍǋ ΑǋȍΘ ǱǽΒल

�ǡϥǋȍǋǷȗǡƲǱ ǶǋƲȐȚȍǋǶǋǷȗȐ ǽǗ ȗǞǋ ࣁࣂ ǽǀȐǋȍΑƲǀǱǋȐ ǽǗ ǡǷȗǋȍǋȐȗ ƲǷǇ ȗǞǋ ǀȍǋƲǯǇǽΒǷ ǽǗ ȗǞǋǡȍ ȚǷǁǋȍॺ

ȗƲǡǷȗǡǋȐ Ʋȍǋ ȐǞǽΒǷ ǡǷ $ǡǘȚȍǋȐ ल࣊ࣃलࣂࣂॺࣁࣂलࣂࣂ bǞǋ ǶǽȐȗ ȊȍǋǁǡȐǋ ǶǋƲȐȚȍǋǶǋǷȗȐ ǽǗ ȗǞǋ tt̄W ȊȍǽǁǋȐȐ ǁǽǶǋ

ǡǷ ȗǞǋ 2![[ਭਭ ǁǞƲǷǷǋǱळ ΒǞǋȍǋ ȗǞǋȍǋ ǡȐ ȗǞǋ ǱǋƲȐȗ ȍǋǱƲȗǡΑǋ ǁǽǷȗȍǡǀȚȗǡǽǷ ǗȍǽǶ ǀƲǁǯǘȍǽȚǷǇȐल bǞǋ ǋΗǁǋȐȐ

ǋΑǋǷȗȐ Ʋȍǋ ǱǽǁƲǱǡΝǋǇ ȗǽ 2![[ਭਭ ǋΑǋǷȗȐ ΒǡȗǞ ࣃ ǽȍ ࣄ ǬǋȗȐळ ǞǡǘǞH ǱǋȊ
T ƲǷǇ ǱƲȍǘǋMSS

!! ळ ƲǷǇ ǱƲȍǘǋ ǇǡǬǋȗ ǡǷॺ

ΑƲȍǡƲǷȗ ǶƲȐȐ ǽǗ ȗǞǋ ǱǋƲǇǡǷǘ ǬǋȗȐल �ǷǞƲǷǁǋǶǋǷȗȐ ǡǷ tt̄W ȍƲȗǋȐ Ʋȍǋ ǽȗǞǋȍΒǡȐǋ Ƿǽȗ ȐȗȍǽǷǘǱΘ ǇǋȊǋǷǇǋǷȗ

ǽǷ ȊǞƲȐǋ ȐȊƲǁǋल bǞǋ ǇǡϥǋȍǋǷǁǋȐ ǀǋȗΒǋǋǷ tt̄W+ ƲǷǇ tt̄W− ȊȍǽǇȚǁȗǡǽǷ ǁƲǷ ǀǋ ȐǋǋǷ ǡǷ ȗǞǋAR
C Ϯȗ

ȍǋȐȚǱȗȐळ ΒǞǡǁǞ Ʋȍǋ ȊȍǋǇǡǁȗǋǇ ȗǽ ǀǋ ȍǽȚǘǞǱΘ ǁǽǷȐȗƲǷȗ ƲǁȍǽȐȐ ƲǱǱ ȍǋǘǡǽǷȐ ǽǗ ȊǞƲȐǋ ȐȊƲǁǋल

eǷǁǋȍȗƲǡǷȗǡǋȐ Ʋȗ ȗǞǋ ǇǡϥǋȍǋǷȗǡƲǱ ǱǋΑǋǱ Ʋȍǋ ǇǽǶǡǷƲȗǋǇ ǀΘ ȐȗƲȗǡȐȗǡǁƲǱ ȚǷǁǋȍȗƲǡǷȗǡǋȐळ ΒǞǡǁǞ ǡȐ Ʋ ǁǽǶॺ
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ǶǽǇǋǱ ƲǷǇ ǀƲǁǯǘȍǽȚǷǇ ǋȐȗǡǶƲȗǡǽǷल bǞǋ :�[ू:�X ƲǷǇ ϱƲΑǽȍ ȗƲǘǘǡǷǘ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ǀǋǁǽǶǋ ǡǶȊǽȍॺ

ȗƲǷȗ ǡǷNjets ƲǷǇNb−jetsळ ȍǋȐȊǋǁȗǡΑǋǱΘळ ƲȐ ΒǽȚǱǇ ǀǋ ǋΗȊǋǁȗǋǇल

ࣂঢࣃঢࣂࣂ /ӈӜӂҲҕ҇ӪҲӐӉӣ

sǞǡǱǋ ȗǞǋ tt̄H ƲǷǇ tt̄W ȊǞƲȐǋ ȐȊƲǁǋȐ Ʋȍǋ ǽΑǋȍǱƲȊȊǡǷǘळ ȗǞǋ ǶǋƲȐȚȍǋǶǋǷȗ ȍǋȊǽȍȗǋǇ ǡǷ ȗǞǡȐ ȗǞǋȐǡȐ Ʋǁॺ

ǁǽȚǷȗȐ Ǘǽȍ ǶȚǱȗǡȊǱǋ ȐǽȚȍǁǋȐ ǽǗ ȚǷǁǋȍȗƲǡǷȗΘ Ǘǽȍ ȗǞǋ tt̄H ǶǽǇǋǱल �ǇǇǡȗǡǽǷƲǱǱΘळ ȗǞǋ tt̄H ǀƲǁǯǘȍǽȚǷǇ

ǡȐ ȐǶƲǱǱ ǁǽǶȊƲȍǋǇ ȗǽ ȗǞǋ ȐǡǘǷƲǱल bǞǋȍǋǗǽȍǋळ ȗǞǋ ǇǡϥǋȍǋǷȗǡƲǱ tt̄W ǶǋƲȐȚȍǋǶǋǷȗȐ ǁƲǷ ǀǋ ȚȐǋǇ ȗǽ ǁǽǷॺ

ȐȗȍƲǡǷ ȗǞǋ tt̄W ǀƲǁǯǘȍǽȚǷǇ ȊȍǋǇǡǁȗǡǽǷȐ Ǘǽȍ Ʋ ǶǋƲȐȚȍǋǶǋǷȗ ǽǗ tt̄H ǡǷ ǶȚȗǱǡॺǱǋȊȗǽǷ ǁǞƲǷǷǋǱȐल bǞǋ

ǶǽȐȗ ȍǋǁǋǷȗ tt̄H ǶȚǱȗǡॺǱǋȊȗǽǷ ǶǋƲȐȚȍǋǶǋǷȗ ȊǋȍǗǽȍǶǋǇ ǀΘ ȗǞǋ �b=�[ ǁǽǱǱƲǀǽȍƲȗǡǽǷ ǡȐ ǱǡǶǡȗǋǇ ǀΘ
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ǷǽȍǶƲǱǡΝƲȗǡǽǷ ǽǗ tt̄W ȗǽ ϱǽƲȗ ǡǷǇǋȊǋǷǇǋǷȗǱΘ ǡǷ 2![[ ǋΑǋǷȗȐ ΒǡȗǞ ࣄॺࣃ ǬǋȗȐळ 2![[ ǋΑǋǷȗȐ ΒǡȗǞ≥ 4

ǬǋȗȐळ ƲǷǇ 3! ǋΑǋǷȗȐव ǡǷ ȗǞǋȐǋ ȍǋǘǡǽǷȐळ ȗǞǋ tt̄W ǷǽȍǶƲǱǡΝƲȗǡǽǷ ΒƲȐ ǗǽȚǷǇ ȗǽ ǀǋ ƲȊȊȍǽΗǡǶƲȗǋǱΘ ळࣅलࣂ ळࣃलࣂ

ƲǷǇ ळࣈलࣂ ȍǋȐȊǋǁȗǡΑǋǱΘल sǋ Ȑǋǋ ȗǞƲȗ tt̄W ǡȐ ȐǡǘǷǡϮǁƲǷȗǱΘ ȊȚǱǱǋǇ ȚȊΒƲȍǇ ǡǷ 2![[ ǋΑǋǷȗȐ ΒǡȗǞ ࣃ ǽȍ ࣄ ǬǋȗȐल

,ǽΒǋΑǋȍळ ǡǷ ǋΑǋǷȗȐ ΒǡȗǞ≥ 4 ǬǋȗȐ ȗǞǋ ȊȍǋǇǡǁȗǡǽǷ ǗȍǽǶ [үҟӟӜ҇ ǡȐ ȌȚǡȗǋ ƲǁǁȚȍƲȗǋल bǞǋ 3! ϮǇȚǁǡƲǱ ȍǋॺ

ǘǡǽǷ ƲǱȐǽ ȐǞǽΒȐ Ʋ ǁȍǽȐȐ ȐǋǁȗǡǽǷ ǁǽǷȐǡȐȗǋǷȗ ΒǡȗǞ ȗǞǋ [үҟӟӜ҇ ȊȍǋǇǡǁȗǡǽǷ ΒǡȗǞ ƲǷ ǋǷǞƲǷǁǋǶǋǷȗ ǽǗ ǽǷǱΘ
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/Ƿ ƲǇǇǡȗǡǽǷ ȗǽ ǁǽǷȐȗȍƲǡǷǡǷǘ tt̄W ƲȐ Ʋ ǀƲǁǯǘȍǽȚǷǇळ ȗǞǋȐǋ ǶǋƲȐȚȍǋǶǋǷȗȐ ǁƲǷ ǀǋ ƲǷƲǱΘΝǋǇ ƲǷǇ ȊǽȐȐǡॺ

ǀǱΘ ǡǷȗǋȍȊȍǋȗǋǇ ǡǷ ȗǞǋ ǁǽǷȗǋΗȗ ǽǗ �$b ǽȊǋȍƲȗǽȍȐल /ȗ ǡȐ ȊǽȐȐǡǀǱǋ ȗǞƲȗ ȗǞǋ ǋΗǁǋȐȐ ǁƲǷ ǀǋ ƲȐȐǽǁǡƲȗǋǇ ȗǽ tW

ȐǁƲȗȗǋȍǡǷǘ ȊȍǽǁǋȐȐǋȐळ ΒǞǋȍǋ ǁǽȚǱǇ ǋΗȊǋǁȗ ƲǷ ǋǷǞƲǷǁǋǶǋǷȗ ǡǷMSS
!! ȗǞƲȗ ǡȐ ȐǋǷȐǡȗǡΑǋ ȗǽ ȗǞǋ ǯǡǷǋǶƲȗǡǁȐ

ǽǗ ȗǞǋ tW ȐΘȐȗǋǶल ,ǽΒǋΑǋȍळ ȗǞǋȐǋ ǋΑǋǷȗȐ ȐǋǋǶǱΘ ǞƲΑǋ Ʋ ǱǽΒ ǷȚǶǀǋȍ ǽǗ ǬǋȗȐल /ȗ ǡȐ ȗǞǋȍǋǗǽȍǋ Ƿǽȗ ǽǀΑǡॺ
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ǽȚȐ ΒǞƲȗ ȊȍǽǁǋȐȐǋȐ ǶǡǘǞȗ ǀǋ ǁƲȚȐǡǷǘ ȗǞǋ ǇǋΑǡƲȗǡǽǷȐल bǞǋȐǋ ǶǋƲȐȚȍǋǶǋǷȗȐ Ʋȍǋळ ǞǽΒǋΑǋȍळ ǡǷΑƲǱȚƲǀǱǋ

ǗǋǋǇǀƲǁǯ ȗǽ ȊǞǋǷǽǶǋǷǽǱǽǘǡȐȗȐ ΒǽȍǯǡǷǘ ǽǷ ǋΗȊǱƲǡǷǡǷǘ ȗǞǋ ƲǷǽǶƲǱǽȚȐ ǀǋǞƲΑǡǽȍ ǽǗ tt̄W ल
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12
[ȚǶǶƲȍΘ ƲǷǇ HȚȗǱǽǽǯ

bǞǋ ϮǋǱǇ ǽǗ ȊƲȍȗǡǁǱǋ ȊǞΘȐǡǁȐ ȚǷǇǋȍΒǋǷȗ Ʋ ȐǋƲ ǁǞƲǷǘǋ ƲǗȗǋȍ ȗǞǋ ǇǡȐǁǽΑǋȍΘ ǽǗ ȗǞǋ ,ǡǘǘȐ ǀǽȐǽǷ Ʋȗ ȗǞǋ

=,�ल /Ƿ ǋƲȍǱǡǋȍ ȗǡǶǋȐळ ȗǞǋȍǋ ǞƲǇ ǋǡȗǞǋȍ ǀǋǋǷ ƲǷ ƲǀȚǷǇƲǷǁǋ ǽǗ ǋΗȊǋȍǡǶǋǷȗƲǱ ȐǡǘǷƲȗȚȍǋȐ ȗǞƲȗ ǁǽȚǱǇ

ǀǋ ȐȗȚǇǡǋǇ ॠƲȐ ǡǷ ȗǞǋ ǁƲȐǋ ǡǷ ȗǞǋ Ȑॡࣁࣈ࣊ࣂ ǽȍ Ʋ ǁǱǋƲȍǱΘ ǶǽȗǡΑƲȗǋǇ ȊƲȍȗǡǁǱǋ ȊȍǋǇǡǁȗǋǇ ǀΘ ȗǞǋǽȍǡȐȗȐ ȗǞƲȗ

ǁǽȚǱǇ ǀǋ ȐǽȚǘǞȗ ƲǗȗǋȍ ƲǷǇळ ΑǋȍΘ ǗȍǋȌȚǋǷȗǱΘळ ǗǽȚǷǇल bǞǡȐ ǋǷǇǋǇ ΒǡȗǞ ȗǞǋ ǇǡȐǁǽΑǋȍΘ ǽǗ ȗǞǋ ,ǡǘǘȐ ǀǽॺ

ȐǽǷल CǽΒळ ȗǞǋ ȊȍǋǋǶǡǷǋǷȗ ȗǞǋǽȍΘ ǽǗ ȊƲȍȗǡǁǱǋ ȊǞΘȐǡǁȐळ ȗǞǋ [ȗƲǷǇƲȍǇBǽǇǋǱळ ǞƲȐ ǀǋǋǷ ǋΗȊǋȍǡǶǋǷȗƲǱǱΘ

ΑǋȍǡϮǋǇ ȗǽ ȗǞǋ ȚȗǶǽȐȗ ȊȍǋǁǡȐǡǽǷ ƲǷǇ ǡȐ ȗǞǋǽȍǋȗǡǁƲǱǱΘ ǁǽǷȐǡȐȗǋǷȗ ƲǷǇ eq ǁǽǶȊǱǋȗǋळ ǽϥǋȍǡǷǘ ǱǡȗȗǱǋ ǡǷ ȗǞǋ

ΒƲΘ ǽǗ ƲǇǇǡȗǡǽǷƲǱ ȗǞȍǋƲǇȐ ȗǞƲȗ ǁƲǷ ǀǋ ȊȚǱǱǋǇ ȗǽ ȚǷȍƲΑǋǱ ƲǷΘ ǽǗ ǡȗȐ ǶƲǷΘ ƲȊȊƲȍǋǷȗ ǇǋϮǁǡǋǷǁǡǋȐल
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�Ǘȗǋȍ ǡȗȐ ϮȍȐȗ ǱǽǷǘ ȐǞȚȗǇǽΒǷळ ȗǞǋ =,� ǀǋǘƲǷ Ʋ ȐǋǁǽǷǇ ǇƲȗƲॺȗƲǯǡǷǘ ȍȚǷ ǁǽǱǱǡǇǡǷǘ ȊȍǽȗǽǷȐ Ʋȗ ǷǋƲȍǱΘ

ǇǽȚǀǱǋ ȗǞǋ ǋǷǋȍǘΘ ƲǷǇ ࣁࣂ ȗǡǶǋȐ ȗǞǋ ǱȚǶǡǷǽȐǡȗΘ ȗǞƲǷ ΒǞƲȗ ΒƲȐ ȚȐǋǇ ȗǽ ǇǡȐǁǽΑǋȍ ȗǞǋ ,ǡǘǘȐ ǀǽȐǽǷ

Ʋȗ ȗǞǋ �b=�[ ƲǷǇ �B[ ǋΗȊǋȍǡǶǋǷȗȐल sǡȗǞ ȗǞǋ ȗȍǽΑǋ ǽǗ ǇƲȗƲ ǁǽǱǱǋǁȗǋǇ ǇȚȍǡǷǘ XȚǷ //ळ ȗǞǋ ȊǞΘȐǡǁȐ

ȍǋƲǁǞ ǽǗ �b=�[ ǞƲȐ ǀǋǋǷ ǘȍǋƲȗǱΘ ǋΗȗǋǷǇǋǇल /Ƿ ǶƲǷΘ ǁƲȐǋȐळ ȗǞǋ ǡǷǁȍǋƲȐǋ ǡǷ ȐȗƲȗǡȐȗǡǁȐ ǞƲȐ ǗƲǁǡǱǡȗƲȗǋǇ ȗǞǋ

ǶǋƲȐȚȍǋǶǋǷȗ ǽǗ ȍƲȍǋ ,ǡǘǘȐ ȊȍǽǇȚǁȗǡǽǷ ȊȍǽǁǋȐȐǋȐ Ǳǡǯǋ tt̄H ळ ȊȍǽΑǡǇǡǷǘ ȐǋǷȐǡȗǡΑǡȗΘ ȗǽ ȗǞǋ ȗǽȊ ȌȚƲȍǯ

yȚǯƲΒƲ ǁǽȚȊǱǡǷǘल bǞǡȐ ǡȐ ǽǷǋ ǽǗ ǶƲǷΘ ȊȍǽȊǋȍȗǡǋȐ ǽǗ ȗǞǋ ,ǡǘǘȐ ǀǽȐǽǷ ȗǞƲȗ ǞƲȐ ǀǋǋǷ ȊȍǽǀǋǇ ǡǷ ǽȍǇǋȍ

ȗǽ ΑǋȍǡǗΘ ȗǞƲȗ ȗǞǋ ȐǁƲǱƲȍ ǀǽȐǽǷ ǽǀȐǋȍΑǋǇ ࣁࣂ ΘǋƲȍȐ Ʋǘǽ Ʋȗ ȗǞǋ =,� ǡȐ ǡǷǇǋǋǇ ȗǞǋ ,ǡǘǘȐ ǀǽȐǽǷ ǽǗ ȗǞǋ

[ȗƲǷǇƲȍǇBǽǇǋǱल

bǞǋȍǋ ǞƲΑǋ ƲǱȐǽ ǀǋǋǷ Ʋ ǞƲǷǇǗȚǱ ǽǗ ƲǷǽǶƲǱǽȚȐ ǶǋƲȐȚȍǋǶǋǷȗȐ ȊǋȍǗǽȍǶǋǇ Ʋȗ ȗǞǋ =,� ǽΑǋȍ ȗǞǋ ǱƲȐȗ

ǇǋǁƲǇǋल HǷǋ ȗǞƲȗ ǞƲȐ ǇǽǷǋ ǱǡȗȗǱǋ Ƕǽȍǋ ȗǞƲǷ ȗǽ ǇǋȗȍƲǁȗ ǗȍǽǶ ȗǞǋ ȐǋǷȐǡȗǡΑǡȗΘ ȗǽ ȗǞǋ Ƕǽȍǋ ǞǡǘǞॺȊȍǽϮǱǋ

ȐǋƲȍǁǞǋȐ Ǘǽȍ tt̄H ƲǷǇ tt̄tt̄ ȊȍǽǇȚǁȗǡǽǷ ǡǷ ǶȚǱȗǡॺǱǋȊȗǽǷ ǁǞƲǷǷǋǱȐ ǡȐ ȗǞǋ ȊȍǽǇȚǁȗǡǽǷ ǽǗ tt̄ ǡǷ ƲȐȐǽǁǡƲॺ

ȗǡǽǷ ΒǡȗǞ ƲW ǀǽȐǽǷल �ȗ ǗƲǁǋ ΑƲǱȚǋ ǡȗ ǡȐ ƲǷ ȚǷǡǷȗǋȍǋȐȗǡǷǘ ȊȍǽǁǋȐȐल sǡȗǞ Ƿǽ ȐǋǷȐǡȗǡΑǡȗΘ ȗǽ ȗǞǋ t − W

ǁǽȚȊǱǡǷǘळ tt̄W ǽϥǋȍȐ Ƿǽ ǞƲǷǇǱǋ ǽǷ �s ǇΘǷƲǶǡǁȐ ΒǡȗǞ ȗǞǋ ǞǋƲΑǡǋȐȗ ǗǋȍǶǡǽǷल /ȗ ΒƲȐ ǽǷǱΘ ΒǞǋǷ ȗǞǋ

ȊȍǽǇȚǁȗǡǽǷ ȍƲȗǋ ǽǗ tt̄W ΒƲȐ ǁǽǷȐǡȐȗǋǷȗǱΘ ȐǞǽΒǷ ȗǽ ǀǋ ǱƲȍǘǋȍ ȗǞƲǷ ǋΗȊǋǁȗǋǇ ǀΘ ȗǞǋ ǶǽȐȗ ȊȍǋǁǡȐǋ ȗǞǋॺ

ǽȍǋȗǡǁƲǱ ǁƲǱǁȚǱƲȗǡǽǷȐ ǇǡǇ ȗǞǋ ȗǞǋǽȍΘ ǁǽǶǶȚǷǡȗΘ ȗƲǯǋ Ʋ ǘȍǋƲȗǋȍ ǡǷȗǋȍǋȐȗ ǡǷ ȗǞǡȐ ȊȍǽǁǋȐȐल bǞǋΘ ȌȚǡǁǯǱΘ

ǇǋȗǋȍǶǡǷǋǇ ȗǞƲȗ ȗǞǡȐ ȊȍǽǁǋȐȐ ǁƲǷ ǡǷǇǋǋǇ ǽϥǋȍ ȐǽǶǋ ȐǋǷȐǡȗǡΑǡȗΘ ȗǽ ȗǞǋ eq ǀǋǞƲΑǡǽȍ ǽǗ �s ǁǽȚȊǱǡǷǘȐ

ǇȚǋ ȗǽ ȐȚǀȗǱǋ ǋϥǋǁȗȐ ȗǞƲȗ ǡǷǡȗǡƲǱǱΘ ǞƲǇ ǀǋǋǷ ǽΑǋȍǱǽǽǯǋǇल �ǇΑƲǷǁǋǇ ȗǋǁǞǷǡȌȚǋȐ ǡǷ B� ȐǡǶȚǱƲȗǡǽǷ

Βǋȍǋ ǋΗȗǋǷǇǋǇ ȗǞǋ ǶǽǇǋǱǡǷǘ ǽǗ tt̄W ǡǷ ƲǷ ǋϥǽȍȗ ȗǽ ǋƲȐǋ ȗǞǋ ȗǋǷȐǡǽǷ ǀǋȗΒǋǋǷ ǇƲȗƲ ƲǷǇ ȊȍǋǇǡǁȗǡǽǷल bǽ

ǇƲȗǋळ ȗǞǋȐǋ ǋϥǽȍȗȐ ǞƲΑǋ ǋƲȐǋǇ ȗǞǡȐ ȗǋǷȐǡǽǷ ǀȚȗ ǞƲΑǋ Ƿǽȗ ǽϥǋȍǋǇ Ʋ ǁǽǶȊǱǋȗǋ ǋΗȊǱƲǷƲȗǡǽǷ Ǘǽȍ ȗǞǋ ǞǡǘǞǋȍ

ȗǞƲǷ ǋΗȊǋǁȗǋǇ ȍƲȗǋ ǽǗ tt̄W ȊȍǽǇȚǁȗǡǽǷल

bǞǋ ΑƲȐȗ ǁƲǁǞǋ ǽǗ ǇƲȗƲ ǁǽǱǱǋǁȗǋǇ ǀΘ �b=�[ ǇȚȍǡǷǘ XȚǷ // ƲǱǱǽΒȐ ȗǞǋ tt̄W ȊȍǽǁǋȐȐ ȗǽ ǀǋ ǶǋƲॺ

ȐȚȍǋǇ ΒǡȗǞ ȗǞǋ ȚȗǶǽȐȗ ȊȍǋǁǡȐǡǽǷल $ǽȍ ȗǞǋ ϮȍȐȗ ȗǡǶǋळ tt̄W ȊȍǽǇȚǁȗǡǽǷ ǡȐ ǶǋƲȐȚȍǋǇ ǇǡϥǋȍǋǷȗǡƲǱǱΘ ƲǁȍǽȐȐ

ࣃࣃࣃ



Ʋ ǁǽǶȊȍǋǞǋǷȐǡΑǋ Ȑǋȗ ǽǗ ǽǀȐǋȍΑƲǀǱǋȐल bǞǡȐ ǞƲȐ ǀǋǋǷ ƲǁǞǡǋΑǋǇ ǀΘ ǋΗȗǋǷǇǡǷǘ ȗǞǋ ǁǽǶǶǽǷǱΘ ȚȐǋǇ ȐȗƲॺ

ȗǡȐȗǡǁƲǱ ǗǽȍǶƲǱǡȐǶ ǽǗ ȗǞǋ ȊȍǽϮǱǋ ǱǡǯǋǱǡǞǽǽǇ ȗǽ ȗǞǋ ȗƲȐǯ ǽǗ ȚǷǗǽǱǇǡǷǘ ǇƲȗƲ ȗǽ ȗǞǋ ȊƲȍȗǡǁǱǋॺǱǋΑǋǱल bǞǋ

ȊȍǽϮǱǋ ǱǡǯǋǱǡǞǽǽǇ ȚǷǗǽǱǇǡǷǘ ǶǋȗǞǽǇळ ƲǱǽǷǘ ΒǡȗǞ ǶƲǁǞǡǷǋ ǱǋƲȍǷǡǷǘ ȗǽǽǱȐ ǁƲȊƲǀǱǋ ǽǗ ǡǇǋǷȗǡǗΘǡǷǘ ǁǞƲǱॺ

ǱǋǷǘǡǷǘ ǀƲǁǯǘȍǽȚǷǇȐळ ǞƲΑǋ ǀǋǋǷ ȚȐǋǇ ȗǽ ǀȚǡǱǇ Ʋ ȐȗƲȗǡȐȗǡǁƲǱ ǶǽǇǋǱ ǁƲȊƲǀǱǋ ǽǗ ǋΗȗȍƲǁȗǡǷǘ ǇǡϥǋȍǋǷȗǡƲǱ

ǇǡȐȗȍǡǀȚȗǡǽǷȐ Ǘǽȍ tt̄W ȊȍǽǇȚǁȗǡǽǷ ΒǞǡǱǋ ǁǽǷȗȍǽǱǱǡǷǘ ǀƲǁǯǘȍǽȚǷǇ ȍƲȗǋȐल bǞǋ ȍǋȐȚǱȗ ǡȐ Ʋ ǁǽǱǱǋǁȗǡǽǷ ǽǗ

ǶǋƲȐȚȍǋǶǋǷȗȐ ȗǞƲȗ ǁǽǶȊȍǋǞǋǷȐǡΑǋǱΘ ǁǞƲȍƲǁȗǋȍǡΝǋ tt̄W ȊȍǽǇȚǁȗǡǽǷ ȗǽ ƲǷ ȚǷȊȍǋǁǋǇǋǷȗǋǇ ȊȍǋǁǡȐǡǽǷल

bǞǋȐǋ ȍǋȐȚǱȗȐ ΒǡǱǱ ǀǋ ȚȐǋǇ ȗǽ ǁǽȍȍǋǁȗ ȗǞǋ ǶǽǇǋǱǡǷǘ ǽǗ tt̄W ȊȍǽǇȚǁȗǡǽǷ ƲȐ ǀƲǁǯǘȍǽȚǷǇȐ Ǘǽȍ ǶǋƲȐȚȍǋॺ

ǶǋǷȗȐ ǽǗ tt̄H ƲǷǇ tt̄tt̄ ȊȍǽǇȚǁȗǡǽǷ ǡǷ ȗǞǋ ǶȚǱȗǡॺǱǋȊȗǽǷ ϮǷƲǱ ȐȗƲȗǋȐळ ǋΗȗǋǷǇǡǷǘ ȗǞǋ ȐǋǷȐǡȗǡΑǡȗΘ ǽǗ ȗǞǋȐǋ

ǶǋƲȐȚȍǋǶǋǷȗȐ ȗǽ ȗǞǋ ȗǽȊ yȚǯƲΒƲ ǁǽȚȊǱǡǷǘ ƲǷǇ ǁǽǷȗƲǁȗ ǡǷȗǋȍƲǁȗǡǽǷȐ ǡǷ ȗǞǋ [B�$b ǗȍƲǶǋΒǽȍǯल

�Ȑ ȗǞǋȐǋ ȍǋȐȚǱȗȐ Ʋȍǋ ǇǡǘǋȐȗǋǇ ǀΘ ȗǞǋ ȗǞǋǽȍΘ ǁǽǶǶȚǷǡȗΘ ƲǷǇ ǁǞǋǁǯǋǇ ƲǘƲǡǷȐȗ Ʋ ǇǡϥǋȍǋǷȗǡƲǱ ǶǋƲॺ

ȐȚȍǋǶǋǷȗ ȗǞƲȗ �B[ǶƲΘ ȊǋȍǗǽȍǶळ ǽǷǋ ǽǗ ȗΒǽ ȐǁǋǷƲȍǡǽȐ ΒǡǱǱ ȚǷǗǽǱǇल HǷǋ ȊǽȐȐǡǀǡǱǡȗΘ ǡȐ ȗǞƲȗ ȗǞǋǽȍǡȐȗȐ

ΒǡǱǱ ǁȍƲǁǯ ȗǞǋ ǁǽǇǋ ƲǷǇ ƲǁǞǡǋΑǋ Ʋ Ƕǽȍǋ ȊȍǋǁǡȐǋ tt̄W ǁƲǱǁȚǱƲȗǡǽǷळ ȊǽȐȐǡǀǱΘ ȗǞȍǽȚǘǞ Ʋ CC=HW��

ǁƲǱǁȚǱƲȗǡǽǷळ ƲǷǇ ȊȍǽΑǡǇǋ ȊȍǋǇǡǁȗǡǽǷȐ ǽǷ tt̄W ǇǡϥǋȍǋǷȗǡƲǱ ȊȍǽǇȚǁȗǡǽǷ ȗǞƲȗ Ʋǘȍǋǋ ΒǋǱǱ ΒǡȗǞ ǇƲȗƲल �

Ƕǽȍǋ ǡǷȗǋȍǋȐȗǡǷǘ ȊǽȐȐǡǀǡǱǡȗΘ ǡȐ ȗǞƲȗ ǷǋΒ ȊȍǋǁǡȐǡǽǷ ǶǋȗǞǽǇȐ ΒǡǱǱ ǀǋ ǇǋΑǋǱǽȊǋǇ ȗǞƲȗ Ǉǽ Ƿǽȗ ǁǽǷǗǽȍǶ

ȗǽ ȗǞǋ ǀǋȐȗ ǋΗȊǋȍǡǶǋǷȗƲǱ ǶǋƲȐȚȍǋǶǋǷȗȐ ǽȍ ȊȍǋǇǡǁȗ ǷǋΒ ǗǋƲȗȚȍǋȐ ǽǗ tt̄W ȊȍǽǇȚǁȗǡǽǷ ȗǞƲȗ ǁƲǷ ǀǋ ǗȚȍॺ

ȗǞǋȍ ȐȗȚǇǡǋǇ Ʋȗ ȗǞǋ =,�ल /Ƿ ƲǷΘ ǁƲȐǋळ ȗǞǋ ǡǷȗǋȍǋȐȗ ǡǷ ȗǞǋ tt̄W ȊȍǽǁǋȐȐ ǡȐ ȚǷǱǡǯǋǱΘ ȗǽ ȐȚǀȐǡǇǋ ȚǷȗǡǱ ǡȗȐ

ǶΘȐȗǋȍǡǋȐ ǞƲΑǋ ǀǋǋǷ ȍǋȐǽǱΑǋǇल

bǞǋ =,� ǡȐ ƲǁȗǡΑǋǱΘ ȊȍǋȊƲȍǡǷǘ Ǘǽȍ XȚǷ /// ΒǡȗǞ ǀǋƲǶ ǁǡȍǁȚǱƲȗǡǽǷ ȗǋȐȗȐ Ʋȗ ࣁࣆࣅ %ǋq ȗǞȍǋȐǞǽǱǇ

ǋǷǋȍǘΘ ƲǷǇ ΒǡǱǱ ȐǽǽǷ ǞƲΑǋ ϮȍȐȗ ǁǽǱǱǡȐǡǽǷȐ Ʋȗ Ʋ ȍǋǁǽȍǇ ǁǋǷȗǋȍ ǽǗ ǶƲȐȐ ǋǷǋȍǘΘ ǽǗ ࣇलࣄࣂ bǋqल XȚǷ /// ǡȐ

ȐǱƲȗǋǇ ȗǽ ȊȍǽΑǡǇǋ ࣁࣁࣃ Ǘǀ−1 ǽǗ ǇƲȗƲ ΒǞǡǁǞळ ǡǷ ǁǽǶǀǡǷƲȗǡǽǷ ΒǡȗǞ XȚǷ // ǇƲȗƲळ ΒǡǱǱ ǘȍǋƲȗǱΘ ǋǷǞƲǷǁǋ ȗǞǋ

ȐǋǷȐǡȗǡΑǡȗΘ ǽǗ �b=�[ ȗǽ ȍƲȍǋ ȊȍǽǁǋȐȐǋȐ ǡǷΑǽǱΑǡǷǘ ȗǞǋ ȗǽȊ ȌȚƲȍǯ ǡǷ ƲȐȐǽǁǡƲȗǡǽǷ ΒǡȗǞ ǘƲȚǘǋ ƲǷǇ ȐǁƲǱƲȍ

ǀǽȐǽǷȐळ ΒǞǡǁǞ ǞƲΑǋ ǘȍǋƲȗǱΘ ǽΑǋȍǱƲȊȊǡǷǘ ȊǞƲȐǋ ȐȊƲǁǋȐल bǞǋ ȊȍǽϮǱǋ ǱǡǯǋǱǡǞǽǽǇ ȚǷǗǽǱǇǡǷǘ ǶǋȗǞǽǇ ΒǡǱǱ

ࣄࣃࣃ



ǱǡǯǋǱΘ Ȑǋǋ ǡǷǁȍǋƲȐǋǇ ȚȐǋ ǡǷ ȗǞǡȐ ȐȚǡȗǋ ǽǗ ǶǋƲȐȚȍǋǶǋǷȗ ǋϥǽȍȗȐ ƲȐ ǡȗ ǁƲǷ ǀǋ ȍǋƲǇǡǱΘ ǋΗȗǋǷǇǋǇ ȗǽ ȚǷǗǽǱǇ

ǶȚǱȗǡȊǱǋ ǽΑǋȍǱƲȊȊǡǷǘ ȐǡǘǷƲǱ ȊȍǽǁǋȐȐǋȐल �ȗ ȗǞǋ ȐƲǶǋ ȗǡǶǋळ B�ǶǽǇǋǱǡǷǘ ȗǋǁǞǷǡȌȚǋȐ ǡǷǁǱȚǇǡǷǘ ȗǞǽȐǋ

ǱǋΑǋȍƲǘǡǷǘ ǶƲǁǞǡǷǋ ǱǋƲȍǷǡǷǘ Ʋȍǋ ǀǋǡǷǘ ǇǋȊǱǽΘǋǇ ȗǽ ǋǷǞƲǷǁǋ ȗǞǋ ȌȚƲǱǡȗΘ ǽǗ Ǉǋȗǋǁȗǽȍ ȐǡǶȚǱƲȗǡǽǷल bǞǡȐ

ΒǡǱǱ ƲǱǱǽΒ ƲǷƲǱΘȐǋȐ ȗǽ ƲǇǽȊȗ Ƕǽȍǋ B�ॺǇȍǡΑǋǷ ǀƲǁǯǘȍǽȚǷǇ ǋȐȗǡǶƲȗǡǽǷ ȗǋǁǞǷǡȌȚǋȐ Ǘǽȍ ǁǞƲǱǱǋǷǘǡǷǘ

ǀƲǁǯǘȍǽȚǷǇȐ Ǳǡǯǋ ǗƲǯǋ ǱǋȊȗǽǷ ȊȍǽǇȚǁȗǡǽǷल bǞǋ Ƿǋȗ ȍǋȐȚǱȗ ǡȐ ȗǞǋ ǗǽǱǱǽΒǡǷǘल �ǡϥǋȍǋǷȗǡƲǱ ǁȍǽȐȐ ȐǋǁȗǡǽǷ

ǶǋƲȐȚȍǋǶǋǷȗȐ ǽǗ ȊȍǽǁǋȐȐǋȐ ȗǞƲȗ ǞƲΑǋ ȐǶƲǱǱ ƲǷǇ ȐǡǶȊǱǋ ǀƲǁǯǘȍǽȚǷǇȐ ΒǡǱǱ ǁǽǷȗǡǷȚǋ ȚȐǡǷǘ /�e ƲǷǇ

ǶǡǘȍƲȗǋ ȗǽ ǶǋȗǞǽǇȐ Ǳǡǯǋ HӈӉҲ$Ӑӂқळ ΒǞǡǁǞ ȊȍǽǶǡȐǋȐ ȚǷǀǡǷǷǋǇ ǇǡϥǋȍǋǷȗǡƲǱ ǁȍǽȐȐ ȐǋǁȗǡǽǷȐ ǶǋƲȐȚȍǋǇ

ȐǡǶȚǱȗƲǷǋǽȚȐǱΘ ǡǷ ȗǞǋ ǗȚǱǱ ȊǞƲȐǋ ȐȊƲǁǋ ȚȐǡǷǘ ǶƲǁǞǡǷǋ ǱǋƲȍǷǡǷǘल $ǽȍ ȗǞǽȐǋ ǶǋƲȐȚȍǋǶǋǷȗȐ ȗǞƲȗ Ʋȍǋ ǱǋȐȐ

ǁǱǋƲǷǱΘ ǡȐǽǱƲȗǋǇळ ǋǡȗǞǋȍ ȗǞȍǽȚǘǞ ǁǽǷȗƲǶǡǷƲȗǡǽǷ ǀΘ ǁǞƲǱǱǋǷǘǡǷǘ ǀƲǁǯǘȍǽȚǷǇȐ ǽȍ ȗǞȍǽȚǘǞ ǽΑǋȍǱƲȊ ΒǡȗǞ

ǽȗǞǋȍ ȊȍǽǁǋȐȐǋȐ ȗǞƲȗ ǁƲǷ ǽϥǋȍ ǀǽǽȐȗǋǇ ȐǋǷȐǡȗǡΑǡȗΘ ǡǗ ǶǋƲȐȚȍǋǇ ȗǽǘǋȗǞǋȍळ ȊȍǽϮǱǋ ǱǡǯǋǱǡǞǽǽǇ ȚǷǗǽǱǇǡǷǘ

ΒǡǱǱ ǀǋ ȗǞǋ ȊȍǋǗǋȍȍǋǇ ȗǋǁǞǷǡȌȚǋल

sǋ Ʋȍǋ ǷǽΒ ǡǷ ȗǞǋ ȊȍǋǁǡȐǡǽǷ Ʋǘǋ ǽǗ ȊƲȍȗǡǁǱǋ ȊǞΘȐǡǁȐल $ƲǁǡǷǘ Ʋ ǁǽǷǗǽȚǷǇǡǷǘǱΘ ǁǽǷȐǡȐȗǋǷȗ ȗǞǋǽȍΘळ ȗǞǋ

,�U ǁǽǶǶȚǷǡȗΘ ǞƲȐ ǇǋΑǋǱǽȊǋǇ ȐǽȊǞǡȐȗǡǁƲȗǋǇ ǷǋΒ ȗǋǁǞǷǡȌȚǋȐ ȗǽ ƲǷƲǱΘΝǋ ȗǞǋ ǶǽȐȗ ǁǽǶȊǱǋΗ ǇƲȗƲȐǋȗȐ

ǋΑǋȍ ǁǽǱǱǋǁȗǋǇ ȗǽ ϮǷǇ ǋΑǋǷ ȗǞǋ ǶǽȐȗ ȐȚǀȗǱǋ ǽǗ ǞǡǷȗȐ ǽǗ ΒǞǋȍǋ ȗǞǋ [BΒǡǱǱ ΘǡǋǱǇ ȗǽ ȗǞǋ ȐȚȊȍǋǶƲǁΘ ǽǗ

CƲȗȚȍǋल �Ȑ ȗǞǋ =,� ǀǋǘǡǷȐ ǇǋǱǡΑǋȍǡǷǘ ȊǞΘȐǡǁȐ ǇƲȗƲ ǡǷ XȚǷ /// ƲǷǇ ǁǽǷȗǡǷȚǋȐ ȚȊǘȍƲǇǋ ǋϥǽȍȗȐ ȗǽΒƲȍǇ

ȗǞǋ ,ǡǘǞ =ȚǶǡǷǽȐǡȗΘ =,�ळ ȊǞΘȐǡǁǡȐȗȐ ΒǡǱǱ ǁǽǷȗǡǷȚǋ ȗǽ ǇǋΑǋǱǽȊ ƲǷǇ ǇǋȊǱǽΘ ȗǞǋȐǋ ƲǷǇ ǽȗǞǋȍ ǷǋΒ

ȗǋǁǞǷǡȌȚǋȐल UǋȍǞƲȊȐ ǡǷ ȗǞǋ ǷǋΗȗ ǇǋǁƲǇǋ Βǋ Ȑǋǋ Ʋ ǷǋΒ ȊǡǁȗȚȍǋ ǽǗ ȊƲȍȗǡǁǱǋ ȊǞΘȐǡǁȐ ǋǶǋȍǘǋल UǋȍǞƲȊȐ ȗǞǋ

ǇƲǶ ΒǡǱǱ ǀȍǋƲǯ ƲǷǇ Ʋ ǷǋΒ Ʋǘǋ ΒǡǱǱ ǀǋ ȚȐǞǋȍǋǇ ǡǷळ ƲǷ Ʋǘǋ ǡǷ ΒǞǡǁǞ ȗǞǋ ǷƲȗȚȍǋ ǽǗ ȗǞǋ ȚǷǡΑǋȍȐǋ ΒǡǱǱ ǀǋ

ȍǋΑǋƲǱǋǇ ȗǽ ǀǋ ǋΑǋǷ Ƕǽȍǋ ȐȗȍƲǷǘǋ ƲǷǇ ǀǋƲȚȗǡǗȚǱ ȗǞƲǷ Βǋ ǁƲǷ ǁȚȍȍǋǷȗǱΘ ǡǶƲǘǡǷǋल

ࣅࣃࣃ



XǋǗǋȍǋǷǁǋȐ

।ࣂ॥ �ȍǡǁ �ȍǋΗǱǋȍल �ǱǋǶǋǷȗƲȍΘ ȊƲȍȗǡǁǱǋ ǡǷȗǋȍƲǁȗǡǽǷȐ ǽǗ ȗǞǋ ȐȗƲǷǇƲȍǇ ǶǽǇǋǱल
ǞȗȗȊȐऴू ǋूǷलǶलΒǡǯǡȊǋǇǡƲलǽȍǘल �ǁǁǋȐȐǋǇ :ƲǷ ࣂ लࣃࣃࣁࣃ

।ࣃ॥ �ǽǶǀǡǷǋǇ ǶǋƲȐȚȍǋǶǋǷȗȐ ǽǗ ,ǡǘǘȐ ǀǽȐǽǷ ȊȍǽǇȚǁȗǡǽǷ ƲǷǇ ǇǋǁƲΘ ȚȐǡǷǘ ȚȊ ȗǽ 139 Ǘǀ−1 ǽǗ
ȊȍǽȗǽǷॺȊȍǽȗǽǷ ǁǽǱǱǡȐǡǽǷ ǇƲȗƲ Ʋȗ

√
s = 13bǋq ǁǽǱǱǋǁȗǋǇ ΒǡȗǞ ȗǞǋ �b=�[ ǋΗȊǋȍǡǶǋǷȗल लࣂࣃࣁࣃ

।ࣄ॥ �Ǳǀǋȍȗ B [ǡȍȚǷΘƲǷ ǋȗ ƲǱल �ΑǡǇǋǷǁǋ Ǘǽȍ ,ǡǘǘȐ ǀǽȐǽǷ ǇǋǁƲΘ ȗǽ Ʋ ȊƲǡȍ ǽǗ ǶȚǽǷȐल :,�Uळ ळࣉࣅࣂऴࣂࣁ
लࣂࣃࣁࣃ

।ࣅ॥ �Ʋȍǡǽ �ȚȗȗƲΝΝǽळ %ǡȚȐǋȊȊǋ �ǋǘȍƲȐȐǡळ Uǡǋȍ UƲǽǱǽ %ǡƲȍǇǡǷǽळ %ǡƲǷ $ल %ǡȚǇǡǁǋळ $ǡǱǡȊȊǽ [ƲǱƲळ �Ǳॺ
ǀǋȍȗǽ [ƲǱΑǡǽळ ƲǷǇ �ǱǋȐȐƲǷǇȍǽ [ȗȍȚǶǡƲल /ǷΑǋȐȗǡǘƲȗǡǷǘ ȗǞǋ ǷǋƲȍॺǁȍǡȗǡǁƲǱǡȗΘ ǽǗ ȗǞǋ ,ǡǘǘȐ ǀǽȐǽǷल
:,�Uळ ळ࣊ࣉࣁऴࣃࣂ लࣄࣂࣁࣃ

।ࣆ॥ bǽȊ WȚƲȍǯȐ ਭ x [ȚǶǶƲȍΘ UǱǽȗȐ �ǋǁǋǶǀǋȍ लࣂࣃࣁࣃ लࣂࣃࣁࣃ

।ࣇ॥ ঊ/ΝƲƲǯ CǋȚȗǋǱǡǷǘȐঊल �ǶȐ ǁǽǽȍǇǡǷƲȗǋ ȐΘȐȗǋǶल %11-0ǥȇȇ1&(7ǣ+"1ȇ�5&0ǒ!Ȁ *0ȇल �ǁǁǋȐȐǋǇ
लࣃࣃूࣂࣁूࣁࣃ

।ࣈ॥ eȍȐ �ǁǞǡǶsǡǋǇǋǶƲǷǷल ,/U ƲǷǇ ,�Uल Uȓ[ळ /�,�Uࣁࣃࣁࣃऴࣇࣅࣁळ लࣂࣃࣁࣃ

।ࣉ॥ :ल Bल �ȚȗȗǋȍΒǽȍȗǞ ƲǷǇ bल �ƲȍǱǡल W�� ȚǷǁǋȍȗƲǡǷȗǡǋȐ Ʋȗ ȗǞǋ =,� ƲǷǇ ȗǞǋ ǡǶȊǱǡǁƲȗǡǽǷȐ ǽǗ
,�X�ल /Ƿ ࠬ࠭ȭǴ /ȍȭǡȣȍǈȭǷȓȍǈȇsȓȣȅȦǴȓȠ ȓȍ �ǡǡȠ /ȍǡȇǈȦȭǷǗ [ǗǈȭȭǡȣǷȍǮ ]/�ࢳ ळࢴ࠯ࠫࠫ࠭ ȊƲǘǋȐ ॼࣃࣃ
ळࣈࣄ ࣉ लࣅࣁࣁࣃ

।࣊॥ bǡǋॺ:ǡȚǷ ,ǽȚ ǋȗ ƲǱल CǋΒ �b�W ǘǱǽǀƲǱ ƲǷƲǱΘȐǡȐ ǽǗ ȌȚƲǷȗȚǶ ǁǞȍǽǶǽǇΘǷƲǶǡǁȐ ΒǡȗǞ ǞǡǘǞॺ
ȊȍǋǁǡȐǡǽǷ ǇƲȗƲ ǗȍǽǶ ȗǞǋ =,�ल UǴ͖Ȧ࢈ Xǡ͏࢈ �ळ ळࣄࣂࣁࣅࣂࣁॡऴࣂॠࣄࣁࣂ लࣂࣃࣁࣃ

।ࣁࣂ॥ �ल Xल sǋǀǀǋȍल $ȍƲǘǶǋǷȗƲȗǡǽǷ ƲǷǇ ǞƲǇȍǽǷǡΝƲȗǡǽǷल /ȍȭ࢈ ࢈: Bȓǝ࢈ UǴ͖Ȧ࢈ �ळ ळࣇࣁࣇॼࣈࣈࣆऴࣂ]ࣆࣂ लࣁࣁࣁࣃ

।ࣂࣂ॥ BǽȍƲǇ �ƲǀǽȚǇ ǋȗ ƲǱल �ǱǋǁȗȍǽǷ ȍǋǁǽǷȐȗȍȚǁȗǡǽǷ ƲǷǇ ǡǇǋǷȗǡϮǁƲȗǡǽǷ ǡǷ ȗǞǋ �b=�[ ǋΗȊǋȍǡǶǋǷȗ
ȚȐǡǷǘ ȗǞǋ ࣆࣂࣁࣃ ƲǷǇ ࣇࣂࣁࣃ =,� ȊȍǽȗǽǷॺȊȍǽȗǽǷ ǁǽǱǱǡȐǡǽǷ ǇƲȗƲ Ʋȗ

√
s ਱ ࣄࣂ bǋqल �Ȱȣ࢈ UǴ͖Ȧ࢈ ࢈: �ळ

ळ࣊ࣄࣇॡऴࣉॠ࣊ࣈ ल࣊ࣂࣁࣃ

।ࣃࣂ॥ [ǌǀƲȐȗǡǋǷ Xǋȗȗǡǋल BȚǽǷ ǡǇǋǷȗǡϮǁƲȗǡǽǷ ƲǷǇ ȊǋȍǗǽȍǶƲǷǁǋ ǡǷ ȗǞǋ �b=�[ ǋΗȊǋȍǡǶǋǷȗल Uȓ[ळ
ळࣈ࣊ࣁऴࣉࣂࣁࣃ]/� लࣉࣂࣁࣃ

ࣆࣃࣃ

https://en.m.wikipedia.org/wiki/File:Elementary_particle_interactions_in_the_Standard_Model.png
https://tikz.net/axis3d_cms/


।ࣄࣂ॥ $ल BƲǱȗǽǷǡळ Bल =ल BƲǷǘƲǷǽळ /ल bȐǡǷǡǯǽȐळ ƲǷǇBल ~Ʋȍǽल bǽȊॺȌȚƲȍǯ ǁǞƲȍǘǋ ƲȐΘǶǶǋȗȍΘ ƲǷǇ
ȊǽǱƲȍǡΝƲȗǡǽǷ ǡǷ ttW ȊȍǽǇȚǁȗǡǽǷ Ʋȗ ȗǞǋ =,�ल UǴ͖Ȧ࢈ =ǡȭȭ࢈ �ळ ळࣁࣇࣃॼࣃࣆࣃऴࣇࣄࣈ लࣅࣂࣁࣃ

।ࣅࣂ॥ BƲǷǗȍǋǇ <ȍƲȚȐल UƲȍȗǽǷ ȐǞǽΒǋȍ ǋϥǋǁȗȐ ǡǷ tt̄W± ȊȍǽǇȚǁȗǡǽǷ Ʋȗ C=HW��ल /Ƿ �ȰȣȓȠǡǈȍ
UǴ͖ȦǷǗǈȇ [ȓǗǷǡȭ͖ �ȓȍǭǡȣǡȍǗǡ ȓȍ ,ǷǮǴ �ȍǡȣǮ͖ UǴ͖ȦǷǗȦ ࠭ࠫ࠭ࠬळ ࣁࣂ लࣂࣃࣁࣃ

।ࣆࣂ॥ Xǡǯǯǋȍȗ $ȍǋǇǋȍǡΗळ �ƲΑǡǇǋ UƲǘƲǷǡळ ƲǷǇBƲȍǁǽ ~Ʋȍǽल =Ʋȍǘǋ C=H ǁǽȍȍǋǁȗǡǽǷȐ ǡǷ tt̄W± ƲǷǇ tt̄tt̄
ǞƲǇȍǽȊȍǽǇȚǁȗǡǽǷ ǗȍǽǶ ȐȚȊȊǽȐǋǇǱΘ ȐȚǀǱǋƲǇǡǷǘ �s ǁǽǷȗȍǡǀȚȗǡǽǷȐल :,�Uळ ळࣂࣄࣁऴࣃࣁ लࣉࣂࣁࣃ

।ࣇࣂ॥ :ǋϥ �ȐƲǗ �ȍǽȍळ BƲȍǁǽ $ƲȍǡǷƲळ �ǷǷǡǽ [ƲǱΑǡǽǷǡळ ƲǷǇ :ƲΑǡ [ǋȍȍƲल [ȗȍǽǷǘ ȗs [ǁƲȗȗǋȍǡǷǘ Ʋȗ ȗǞǋ
=,�ल :,�Uळ ळࣂࣈࣁऴࣂࣁ लࣇࣂࣁࣃ

।ࣈࣂ॥ �ǷǷƲ <ȚǱǋȐΝƲळ =ǋȐΝǋǯ BǽȗΘǯƲळ �ƲǷǡǋǱ [ǁǞΒƲȍȗǱƶǷǇǋȍळ bǽǶƲȐΝ [ȗǋǀǋǱळ ƲǷǇ qǡǷǁǋǷȗ bǞǋǋȚΒǋȐल
�ȐȐǽǁǡƲȗǋǇ ȗǽȊॺȊƲǡȍ ȊȍǽǇȚǁȗǡǽǷ ΒǡȗǞ Ʋ ǞǋƲΑΘ ǀǽȐǽǷ ȊȍǽǇȚǁȗǡǽǷ ȗǞȍǽȚǘǞ C=HਭCC== Ʋǁॺ
ǁȚȍƲǁΘ Ʋȗ ȗǞǋ =,�ल /Ƿ ȭǴ࠯࠰ XǡȍǗȓȍȭȣǡȦ ǝǡBȓȣǷȓȍǝ ȓȍ W�� ǈȍǝ ,ǷǮǴ �ȍǡȣǮ͖ /ȍȭǡȣǈǗȭǷȓȍȦळ
ȊƲǘǋȐ लࣃࣅॼ࣊ࣄ �X/[$ळ ࣆ ल࣊ࣂࣁࣃ

।ࣉࣂ॥ BǋƲȐȚȍǋǶǋǷȗ ǽǗ ȗǞǋ ǁȍǽȐȐ ȐǋǁȗǡǽǷ ǽǗ ȗǽȊ ȌȚƲȍǯॺƲǷȗǡȌȚƲȍǯ ȊƲǡȍ ȊȍǽǇȚǁȗǡǽǷ ǡǷ ƲȐȐǽǁǡƲȗǡǽǷ ΒǡȗǞ
Ʋs ǀǽȐǽǷ ǡǷ ȊȍǽȗǽǷॺȊȍǽȗǽǷ ǁǽǱǱǡȐǡǽǷȐ Ʋȗ

√
s = 13bǋqल bǋǁǞǷǡǁƲǱ ȍǋȊǽȍȗळ ��XCळ %ǋǷǋΑƲळ

लࣃࣃࣁࣃ

।࣊ࣂ॥ �ल Bल [ǡȍȚǷΘƲǷ ǋȗ ƲǱल /ǇǋǷȗǡϮǁƲȗǡǽǷ ǽǗ ǞǋƲΑΘॺϱƲΑǽȚȍ ǬǋȗȐ ΒǡȗǞ ȗǞǋ �B[ Ǉǋȗǋǁȗǽȍ ǡǷ ȊȊ ǁǽǱǱǡॺ
ȐǡǽǷȐ Ʋȗ ࣄࣂ bǋqल :/C[bळ ळࣂࣂࣁࣆࣁॡऴUࣆࣁॠࣄࣂ लࣉࣂࣁࣃ

।ࣁࣃ॥ �ǘƲȍƲȐ ǋȗ ƲǱल BǋƲȐȚȍǋǶǋǷȗ ǽǗ ȗǞǋ ȗǽȗƲǱ ƲǷǇ ǇǡϥǋȍǋǷȗǡƲǱ ǁȍǽȐȐ ȐǋǁȗǡǽǷȐ ǽǗ Ʋ ȗǽȊॺȌȚƲȍǯॺ
ƲǷȗǡȌȚƲȍǯ ȊƲǡȍ ǡǷ ƲȐȐǽǁǡƲȗǡǽǷ ΒǡȗǞ Ʋs ǀǽȐǽǷ ǡǷ ȊȍǽȗǽǷॺȊȍǽȗǽǷ ǁǽǱǱǡȐǡǽǷȐ Ʋȗ Ʋ ǁǋǷȗȍǋॺǽǗॺǶƲȐȐ
ǋǷǋȍǘΘ ǽǗ ࣄࣂ bǋq ΒǡȗǞ �b=�[ Ǉǋȗǋǁȗǽȍ Ʋȗ ȗǞǋ =Ʋȍǘǋ ,ƲǇȍǽǷ �ǽǱǱǡǇǋȍल bǋǁǞǷǡǁƲǱ ȍǋȊǽȍȗळ
��XCळ %ǋǷǋΑƲळ BƲȍ लࣁࣃࣁࣃ

।ࣂࣃ॥ [ǡǶǽǷ �ƲǇǘǋȍ ǋȗ ƲǱल BƲǁǞǡǷǋ =ǋƲȍǷǡǷǘ ƲǷǇ =,� �ΑǋǷȗ %ǋǷǋȍƲȗǡǽǷल ࣄ लࣃࣃࣁࣃ

।ࣃࣃ॥ BƲȗȗǞǋΒ [ǁǞΒƲȍȗΝल WȰǈȍȭȰȌ $Ƿǡȇǝ bǴǡȓȣ͖ ǈȍǝ ȭǴǡ [ȭǈȍǝǈȣǝBȓǝǡȇल �ƲǶǀȍǡǇǘǋ eǷǡΑǋȍȐǡȗΘ
UȍǋȐȐळ �ƲǶǀȍǡǇǘǋळ लࣂࣃࣁࣃ

।ࣄࣃ॥ UƲȍȗǡǁǱǋ �ƲȗƲ %ȍǽȚȊल XǋΑǡǋΒ ǽǗ UƲȍȗǡǁǱǋ UǞΘȐǡǁȐल Ub�Uळ ळࣂࣁ�ࣄࣉࣁॡऴࣉॠࣁࣃࣁࣃ लࣁࣃࣁࣃ

।ࣅࣃ॥ �ǷǇȍǋƲ XǽǶƲǷǡǷǽल bǞǋ [ȗƲǷǇƲȍǇ ǶǽǇǋǱ ǽǗ ȊƲȍȗǡǁǱǋ ȊǞΘȐǡǁȐल /Ƿ ȭǴ࠴ �ǈǷȅǈȇ [ȰȌȌǡȣ [ǗǴȓȓȇ ȓȍ
UǴ͖ȦǷǗȦ ȓǭ �ȇǡȌǡȍȭǈȣ͖ UǈȣȭǷǗȇǡȦ ǈȍǝ �ȦȭȣȓȠǴ͖ȦǷǗȦळ ल࣊ࣁࣁࣃ

।ࣆࣃ॥ $ल �ǷǘǱǋȍȗ ƲǷǇ Xल �ȍǽȚȗल �ȍǽǯǋǷ [ΘǶǶǋȗȍΘ ƲǷǇ ȗǞǋ BƲȐȐ ǽǗ %ƲȚǘǋ qǋǁȗǽȍ BǋȐǽǷȐल UǴ͖Ȧ࢈ Xǡ͏࢈
=ǡȭȭ࢈ळ ळࣄࣃࣄॼࣂࣃࣄऴࣄࣂ लࣅࣇ࣊ࣂ

ࣇࣃࣃ



।ࣇࣃ॥ Uǋȗǋȍ sल ,ǡǘǘȐल �ȍǽǯǋǷ [ΘǶǶǋȗȍǡǋȐ ƲǷǇ ȗǞǋ BƲȐȐǋȐ ǽǗ %ƲȚǘǋ �ǽȐǽǷȐल UǴ͖Ȧ࢈ Xǡ͏࢈ =ǡȭȭ࢈ळ
ळ࣊ࣁࣆॼࣉࣁࣆऴࣄࣂ लࣅࣇ࣊ࣂ

।ࣈࣃ॥ qल �ल XȚǀǡǷळ :ȍल $ǽȍǇळ sल <लळ ƲǷǇ Cल bǞǽǷǷƲȍǇल XǽȗƲȗǡǽǷƲǱ ȊȍǽȊǋȍȗǡǋȐ ǽǗ ࣂࣃ [� ǘƲǱƲΗॺ
ǡǋȐ ΒǡȗǞ Ʋ ǱƲȍǘǋ ȍƲǷǘǋ ǽǗ ǱȚǶǡǷǽȐǡȗǡǋȐ ƲǷǇ ȍƲǇǡǡळ ǗȍǽǶC%� ࣆࣁࣇࣅ ॠX਱ࣅǯȊǁॡ ȗǽ e%� ࣆࣉࣉࣃ
ॠX਱ࣃࣃࣂǯȊǁॡल bǴǡ �ȦȭȣȓȠǴ͖ȦǷǗǈȇ :ȓȰȣȍǈȇळ ळࣈࣉࣅॼࣂࣈࣅऴࣉࣄࣃ :ȚǷǋ लࣁࣉ࣊ࣂ

।ࣉࣃ॥ =ǋȐΝǋǯ XǽȐΝǯǽΒȐǯǡळ �ǷȍǡǁǽBƲȍǡƲ [ǋȐȐǽǱǽळ ƲǷǇ [ǋǀƲȐȗǡƲǷ bȍǽǬƲǷǽΒȐǯǡल s/BU ǇƲȍǯ
ǶƲȗȗǋȍ ǁƲǷǇǡǇƲȗǋȐ ƲǷǇ ȐǋƲȍǁǞǋȐॽǁȚȍȍǋǷȗ ȐȗƲȗȚȐ ƲǷǇ ǗȚȗȚȍǋ ȊȍǽȐȊǋǁȗȐल XǡȠȭ࢈ UȣȓǮ࢈ UǴ͖Ȧ࢈ळ
ळࣂࣁࣃࣇࣇࣁॡऴࣇॠࣂࣉ लࣉࣂࣁࣃ

।࣊ࣃ॥ :ƲǶǋȐ Bल �ǱǡǷǋल �ƲȍΘǽǘǋǷǋȐǡȐल /Ƿ =ǡȦ ,ȓȰǗǴǡȦ [ȰȌȌǡȣ [ǗǴȓȓȇ ࣊ [ǡȦȦǷȓȍ ࢊ࠱࠳ UǈȣȭǷǗȇǡ UǴ͖ȦǷǗȦ
ǈȍǝ �ȓȦȌȓȇȓǮ͖ࢊ bǴǡ $ǈǖȣǷǗ ȓǭ [ȠǈǗǡȭǷȌǡळ ࣊ लࣇࣁࣁࣃ

।ࣁࣄ॥ �ƲȐȗǡƲǷ �ǋȍǘǋȍǞǽϥ ƲǷǇ �ǞȍǡȐȗǽǗ sǋȗȗǋȍǡǁǞल �ǱǋǁȗȍǽΒǋƲǯ ȊǞƲȐǋ ȗȍƲǷȐǡȗǡǽǷ ǡǷ ȗǞǋ ǋƲȍǱΘ ȚǷǡॺ
ΑǋȍȐǋह /Ƿ /ȍȭǡȣȍǈȭǷȓȍǈȇ [ǗǴȓȓȇ ȓǭ �ȦȭȣȓȠǴ͖ȦǷǗȦࢉ ࢈� �ǴǈȇȓȍǮǡࢊ ȭǴ࠰ �ȓȰȣȦǡࢊ �Ȱȣȣǡȍȭ bȓȠǷǗȦ Ƿȍ
�ȦȭȣȓǭȰȍǝǈȌǡȍȭǈȇ UǴ͖ȦǷǗȦळ ȊƲǘǋȐ ळ࣊ࣆࣂॼࣃࣄࣂ ࣊ लࣇ࣊࣊ࣂ

।ࣂࣄ॥ Xल �ल Uǋǁǁǋǡ ƲǷǇ ,ǋǱǋǷ Xल WȚǡǷǷल �U �ǽǷȐǋȍΑƲȗǡǽǷ ǡǷ ȗǞǋ UȍǋȐǋǷǁǋ ǽǗ /ǷȐȗƲǷȗǽǷȐल UǴ͖Ȧ࢈ Xǡ͏࢈
=ǡȭȭ࢈ळ ळࣄࣅࣅࣂॼࣁࣅࣅࣂऴࣉࣄ लࣈࣈ࣊ࣂ

।ࣃࣄ॥ bƲǯƲƲǯǡ <ƲǬǡȗƲल �ȗǶǽȐȊǞǋȍǡǁ ǷǋȚȗȍǡǷǽ ȍǋȐȚǱȗȐ ǗȍǽǶ [ȚȊǋȍॺ<ƲǶǡǽǯƲǷǇǋ ƲǷǇ <ƲǶǡǽǯƲǷǇǋऴ
�ΑǡǇǋǷǁǋ Ǘǽȍ ǷǋȚȗȍǡǷǽॠǶȚॡ ǽȐǁǡǱǱƲȗǡǽǷȐल CȰǗȇ࢈ UǴ͖Ȧ࢈ � UȣȓǗ࢈ [ȰȠȠȇ࢈ळ ळࣃࣄࣂॼࣄࣃࣂऴࣈࣈ ल࣊࣊࣊ࣂ

।ࣄࣄ॥ %ǽȍǇǽǷ �ल Bǁ%ȍǋǘǽȍल $ǡȍȐȗ ȍǋȐȚǱȗȐ ǗȍǽǶ ȗǞǋ [ȚǇǀȚȍΘ CǋȚȗȍǡǷǽ HǀȐǋȍΑƲȗǽȍΘल /Ƿ ȭǴ࠲࠮ Xǡȍ࣊
ǗȓȍȭȣǡȦ ǝǡBȓȣǷȓȍǝ ȓȍ �ȇǡǗȭȣȓ͐ǡǈȅ /ȍȭǡȣǈǗȭǷȓȍȦ ǈȍǝ eȍǷχǡǝ bǴǡȓȣǷǡȦळ ȊƲǘǋȐ ळࣇࣆࣃॼ࣊ࣅࣃ ࣆ लࣃࣁࣁࣃ

।ࣅࣄ॥ %ǋǽȍǘǋȐ �ƲǇ ǋȗ ƲǱल �ǽǶǀǡǷǋǇBǋƲȐȚȍǋǶǋǷȗ ǽǗ ȗǞǋ ,ǡǘǘȐ �ǽȐǽǷBƲȐȐ ǡǷ pp�ǽǱǱǡȐǡǽǷȐ Ʋȗ
√
s = 7 ƲǷǇ ࣉ bǋq ΒǡȗǞ ȗǞǋ �b=�[ ƲǷǇ �B[ �ΗȊǋȍǡǶǋǷȗȐल UǴ͖Ȧ࢈ Xǡ͏࢈ =ǡȭȭ࢈ळ ळࣄࣁࣉࣂ࣊ࣂऴࣅࣂࣂ

लࣆࣂࣁࣃ

।ࣆࣄ॥ %ǋǽȍǘǋȐ �ƲǇ ǋȗ ƲǱल [ȗȚǇΘ ǽǗ ȗǞǋ ȐȊǡǷ ƲǷǇ ȊƲȍǡȗΘ ǽǗ ȗǞǋ ,ǡǘǘȐ ǀǽȐǽǷ ǡǷ ǇǡǀǽȐǽǷ ǇǋǁƲΘȐ ΒǡȗǞ
ȗǞǋ �b=�[ Ǉǋȗǋǁȗǽȍल �Ȱȣ࢈ UǴ͖Ȧ࢈ ࢈: �ळ ळࣇࣈࣅॡऴࣁࣂॠࣆࣈ लࣆࣂࣁࣃ ।�ȍȍƲȗȚǶऴ �ȚȍलUǞΘȐल:ल� ळࣇࣈ ࣃࣆࣂ
ॠࣇࣂࣁࣃॡ॥ल

।ࣇࣄ॥ [ǋȍǘȚǋǡ �ǞƲȗȍǁǞΘƲǷ ǋȗ ƲǱल [ȗȚǇΘ ǽǗ ȗǞǋ BƲȐȐ ƲǷǇ [ȊǡǷॺUƲȍǡȗΘ ǽǗ ȗǞǋ ,ǡǘǘȐ �ǽȐǽǷ �ƲǷǇǡǇƲȗǋ
qǡƲ /ȗȐ �ǋǁƲΘȐ ȗǽ ~ �ǽȐǽǷ UƲǡȍȐल UǴ͖Ȧ࢈ Xǡ͏࢈ =ǡȭȭ࢈ळ ळࣄࣁࣉࣂࣉࣁॡऴࣉॠࣁࣂࣂ लࣄࣂࣁࣃ

।ࣈࣄ॥ BǽȍƲǇ �ƲǀǽȚǇ ǋȗ ƲǱल �ǽǷȐȗȍƲǡǷȗȐ ǽǷ ǽϥॺȐǞǋǱǱ ,ǡǘǘȐ ǀǽȐǽǷ ȊȍǽǇȚǁȗǡǽǷ ƲǷǇ ȗǞǋ ,ǡǘǘȐ ǀǽȐǽǷ
ȗǽȗƲǱ ΒǡǇȗǞ ǡǷZZ → 4! ƲǷǇZZ → 2!2ν ϮǷƲǱ ȐȗƲȗǋȐ ΒǡȗǞ ȗǞǋ �b=�[ Ǉǋȗǋǁȗǽȍल UǴ͖Ȧ࢈ =ǡȭȭ࢈
�ळ ळࣅࣅࣃॼࣄࣃࣃऴࣇࣉࣈ लࣉࣂࣁࣃ

ࣈࣃࣃ



।ࣉࣄ॥ qƲȍǇƲǷ <ǞƲǁǞƲȗȍΘƲǷ ǋȗ ƲǱल �ǽǷȐȗȍƲǡǷȗȐ ǽǷ ȗǞǋ ,ǡǘǘȐ ǀǽȐǽǷ ΒǡǇȗǞ ǗȍǽǶ ǽϥॺȐǞǋǱǱ ȊȍǽǇȚǁȗǡǽǷ
ƲǷǇ ǇǋǁƲΘ ȗǽ ~ॺǀǽȐǽǷ ȊƲǡȍȐल UǴ͖Ȧ࢈ =ǡȭȭ࢈ �ळ ळࣆࣉॼࣅࣇऴࣇࣄࣈ लࣅࣂࣁࣃ

।࣊ࣄ॥ qƲȍǇƲǷ <ǞƲǁǞƲȗȍΘƲǷ ǋȗ ƲǱल =ǡǶǡȗȐ ǽǷ ȗǞǋ ,ǡǘǘȐ ǀǽȐǽǷ ǱǡǗǋȗǡǶǋ ƲǷǇ ΒǡǇȗǞ ǗȍǽǶ ǡȗȐ ǇǋǁƲΘ ȗǽ
ǗǽȚȍ ǁǞƲȍǘǋǇ ǱǋȊȗǽǷȐल UǴ͖Ȧ࢈ Xǡ͏࢈ �ळ ळࣁࣂࣁࣃࣈࣁॡऴࣈॠࣃ࣊ लࣆࣂࣁࣃ

।ࣁࣅ॥ : X �ǷǇǋȍȐǋǷ ǋȗ ƲǱल ,ƲǷǇǀǽǽǯ ǽǗ =,�,ǡǘǘȐ �ȍǽȐȐ [ǋǁȗǡǽǷȐऴ लࣄ ,ǡǘǘȐ UȍǽȊǋȍȗǡǋȐल ࣈ लࣄࣂࣁࣃ

।ࣂࣅ॥ %ǋǽȍǘǋȐ �ƲǇ ǋȗ ƲǱल � ȐǋƲȍǁǞ Ǘǽȍ ȗǞǋ ǇǡǶȚǽǷ ǇǋǁƲΘ ǽǗ ȗǞǋ [ȗƲǷǇƲȍǇBǽǇǋǱ ,ǡǘǘȐ ǀǽȐǽǷ ΒǡȗǞ
ȗǞǋ �b=�[ Ǉǋȗǋǁȗǽȍल UǴ͖Ȧ࢈ =ǡȭȭ࢈ �ळ ळࣁࣉ࣊ࣆࣄࣂऴࣃࣂࣉ लࣂࣃࣁࣃ

।ࣃࣅ॥ �Ʋ =ǡȚळ /ƲǷ =ǽΒळ ƲǷǇ ~ǞǋΒǋǡ yǡǷल eǷǡΑǋȍȐƲǱ /ǶȊȍǡǷȗȐ ǽǗ Ʋ UȐǋȚǇǽॺCƲǶǀȚॺ%ǽǱǇȐȗǽǷǋ ,ǡǘǘȐ
�ǽȐǽǷल UǴ͖Ȧ࢈ Xǡ͏࢈ =ǡȭȭ࢈ळ ळࣃࣁࣉࣂࣇࣃॡऴࣇࣃॠࣂࣃࣂ लࣉࣂࣁࣃ

।ࣄࣅ॥ �Αǡǯ �ƲǷǋȍǬǋǋळ %ƲȚȗƲǶ �ǞƲȗȗƲǁǞƲȍΘΘƲळ CǡǱƲǷǬƲǷƲ <ȚǶƲȍळ ƲǷǇ bǡȍȗǞƲ [ƲǷǯƲȍ XƲΘल �ǽǷȐȗȍƲǡǷॺ
ǡǷǘ �ǽǶȊǽȐǡȗǋ ,ǡǘǘȐ BǽǇǋǱȐ ȚȐǡǷǘ =,� ǇƲȗƲल :,�Uळ ळࣃࣇࣁऴࣄࣁ लࣉࣂࣁࣃ

।ࣅࣅ॥ CƲȗǞƲǷǡǋǱ �ȍƲǡǘळ �ǷǇȍǋΘ <ƲȗΝळ BƲȗȗ [ȗȍƲȐȐǱǋȍळ ƲǷǇ XƲǶƲǷ [ȚǷǇȍȚǶल CƲȗȚȍƲǱǷǋȐȐ ǡǷ ȗǞǋ
�Ʋȍǯ Ʋȗ ȗǞǋ =,�ल :,�Uळ ळࣆࣁࣂऴࣈࣁ लࣆࣂࣁࣃ

।ࣆࣅ॥ CƲȗǞƲǷǡǋǱ �ȍƲǡǘळ :ƲǶǡȐǽǷ %ƲǱǱǽΒƲΘळ ƲǷǇ [ǁǽȗȗ bǞǽǶƲȐल [ǋƲȍǁǞǡǷǘ Ǘǽȍ [ǡǘǷȐ ǽǗ ȗǞǋ [ǋǁǽǷǇ
,ǡǘǘȐ �ǽȚǀǱǋȗल ࣆ लࣄࣂࣁࣃ

।ࣇࣅ॥ Bल �ल �ȍȍǽΘǽॺeȍǋǼƲ ƲǷǇ :ल =ǽȍǋǷΝǽ �ǡƲΝॺ�ȍȚΝल ,ǡǇǇǋǷ [ǡǘǷƲǱȐ ǽǗ CǋΒ UǞΘȐǡǁȐ ΒǡȗǞǡǷ ȗǞǋ
yȚǯƲΒƲ �ǽȚȊǱǡǷǘȐ ǽǗ ȗǞǋ ,ǡǘǘȐ ǀǽȐǽǷल UǴ͖Ȧ࢈ =ǡȭȭ࢈ �ळ ळ࣊࣊ࣈࣆࣄࣂऴࣁࣂࣉ लࣁࣃࣁࣃ

।ࣈࣅ॥ BƲȍȗǡǷ �ƲȚǋȍळ BƲȍǁǋǱƲ �ƲȍǋǷƲळ ƲǷǇ <ƲȗȍǡǷ %ǋǶǶǱǋȍल �ȍǋƲȗǡǷǘ ȗǞǋ ǗǋȍǶǡǽǷ ǶƲȐȐ ǞǡǋȍƲȍǁǞǡǋȐ
ΒǡȗǞ ǶȚǱȗǡȊǱǋ ,ǡǘǘȐ ǀǽȐǽǷȐल UǴ͖Ȧ࢈ Xǡ͏࢈ �ळ ळࣁࣄࣁࣆࣂࣂॡऴࣂࣂॠࣅ࣊ लࣇࣂࣁࣃ

।ࣉࣅ॥ [ǡǇǷǋΘ Xल �ǽǱǋǶƲǷल bǞǋ $Ʋȗǋ ǽǗ ȗǞǋ $ƲǱȐǋ qƲǁȚȚǶल लࣂ [ǋǶǡǁǱƲȐȐǡǁƲǱ bǞǋǽȍΘल UǴ͖Ȧ࢈ Xǡ͏࢈ �ळ
ळࣇࣄ࣊ࣃॼ࣊ࣃ࣊ࣃऴࣆࣂ लࣈࣈ࣊ࣂ ।�ȍȍƲȗȚǶऴ UǞΘȐलXǋΑल� ळࣇࣂ ࣉࣅࣃࣂ ॠࣈࣈ࣊ࣂॡ॥ल

।࣊ࣅ॥ �ȚȍȗǡȐ %ल �ƲǱǱƲǷळ :ȍल ƲǷǇ [ǡǇǷǋΘ Xल �ǽǱǋǶƲǷल bǞǋ $Ʋȗǋ ǽǗ ȗǞǋ $ƲǱȐǋ qƲǁȚȚǶल लࣃ $ǡȍȐȗ WȚƲǷॺ
ȗȚǶ �ǽȍȍǋǁȗǡǽǷȐल UǴ͖Ȧ࢈ Xǡ͏࢈ �ळ ळࣉࣇࣈࣂॼࣃࣇࣈࣂऴࣇࣂ लࣈࣈ࣊ࣂ

।ࣁࣆ॥ �ल Ǉǋ $ǱǽȍǡƲǷ ǋȗ ƲǱल ,ƲǷǇǀǽǽǯ ǽǗ =,�,ǡǘǘȐ �ȍǽȐȐ [ǋǁȗǡǽǷȐऴ लࣅ �ǋǁǡȊǞǋȍǡǷǘ ȗǞǋ CƲȗȚȍǋ ǽǗ
ȗǞǋ ,ǡǘǘȐ [ǋǁȗǽȍल ळࣈࣂࣁࣃूࣃ ࣁࣂ लࣇࣂࣁࣃ

।ࣂࣆ॥ Bल �ƲǀǽȚǇ ǋȗ ƲǱल HǀȐǋȍΑƲȗǡǽǷ ǽǗ ,ǡǘǘȐ ǀǽȐǽǷ ȊȍǽǇȚǁȗǡǽǷ ǡǷ ƲȐȐǽǁǡƲȗǡǽǷ ΒǡȗǞ Ʋ ȗǽȊ ȌȚƲȍǯ
ȊƲǡȍ Ʋȗ ȗǞǋ =,�ΒǡȗǞ ȗǞǋ �b=�[ Ǉǋȗǋǁȗǽȍल UǴ͖Ȧ࢈ =ǡȭȭ࢈ �ळ ळࣂ࣊ࣂॼࣄࣈࣂऴࣅࣉࣈ लࣉࣂࣁࣃ

।ࣃࣆ॥ �Ǳǀǋȍȗ B [ǡȍȚǷΘƲǷ ǋȗ ƲǱल HǀȐǋȍΑƲȗǡǽǷ ǽǗ tt, ȊȍǽǇȚǁȗǡǽǷल UǴ͖Ȧ࢈ Xǡ͏࢈ =ǡȭȭ࢈ळ ळࣂࣁࣉࣂࣄࣃॡऴࣄࣃॠࣁࣃࣂ
लࣉࣂࣁࣃ

ࣉࣃࣃ



।ࣄࣆ॥ �ǷƲǱΘȐǡȐ ǽǗ tt̄H ƲǷǇ tt̄W ȊȍǽǇȚǁȗǡǽǷ ǡǷ ǶȚǱȗǡǱǋȊȗǽǷ ϮǷƲǱ ȐȗƲȗǋȐ ΒǡȗǞ ȗǞǋ �b=�[ Ǉǋȗǋǁȗǽȍल
ࣁࣂ ल࣊ࣂࣁࣃ

।ࣅࣆ॥ BǽȍƲǇ �ƲǀǽȚǇ ǋȗ ƲǱल BǋƲȐȚȍǋǶǋǷȗ ǽǗ ȗǞǋ tt̄Z ƲǷǇ tt̄W ǁȍǽȐȐ ȐǋǁȗǡǽǷȐ ǡǷ ȊȍǽȗǽǷॺȊȍǽȗǽǷ
ǁǽǱǱǡȐǡǽǷȐ Ʋȗ

√
s = 13bǋq ΒǡȗǞ ȗǞǋ �b=�[ Ǉǋȗǋǁȗǽȍल UǴ͖Ȧ࢈ Xǡ͏࢈ �ळ ࣊࣊ॠࣈॡऴ࣊ࣁࣁࣃࣈࣁळ ल࣊ࣂࣁࣃ

।ࣆࣆ॥ �Ǳǀǋȍȗ B [ǡȍȚǷΘƲǷ ǋȗ ƲǱल BǋƲȐȚȍǋǶǋǷȗ ǽǗ ȗǞǋ ǁȍǽȐȐ ȐǋǁȗǡǽǷ Ǘǽȍ ȗǽȊ ȌȚƲȍǯ ȊƲǡȍ ȊȍǽǇȚǁȗǡǽǷ ǡǷ
ƲȐȐǽǁǡƲȗǡǽǷ ΒǡȗǞ Ʋs ǽȍ ~ ǀǽȐǽǷ ǡǷ ȊȍǽȗǽǷॺȊȍǽȗǽǷ ǁǽǱǱǡȐǡǽǷȐ Ʋȗ

√
s = ࣄࣂ bǋqल :,�Uळ ळࣂࣂࣁऴࣉࣁ

लࣉࣂࣁࣃ

।ࣇࣆ॥ �=�U,�ǽǱǱƲǀǽȍƲȗǡǽǷ ƲǷǇ ǽȗǞǋȍȐल UȍǋǁǡȐǡǽǷ �ǱǋǁȗȍǽΒǋƲǯBǋƲȐȚȍǋǶǋǷȗȐ ƲǷǇ �ǽǷȐȗȍƲǡǷȗȐ ǽǷ
ȗǞǋ [ȗƲǷǇƲȍǇBǽǇǋǱल bǋǁǞǷǡǁƲǱ ȍǋȊǽȍȗळ ��XCळ ࣃࣂ लࣁࣂࣁࣃ ƲȍxǡΑऴࣃࣂࣁࣂलࣈࣇࣄࣃल

।ࣈࣆ॥ ��$ �ǽǱǱƲǀǽȍƲȗǡǽǷल HǀȐǋȍΑƲȗǡǽǷ ǽǗ ȗǽȊ ȌȚƲȍǯ ȊȍǽǇȚǁȗǡǽǷ ǡǷ p̄p ǁǽǱǱǡȐǡǽǷȐल UǴ͖Ȧ࢈ Xǡ͏࢈ =ǡȭȭ࢈ळ
ळࣂࣄࣇࣃॼࣇࣃࣇࣃऴࣅࣈ लࣆ࣊࣊ࣂ

।ࣉࣆ॥ �Q�ǽǱǱƲǀǽȍƲȗǡǽǷल HǀȐǋȍΑƲȗǡǽǷ ǽǗ ȗǞǋ ȗǽȊ ȌȚƲȍǯल UǴ͖Ȧ࢈ Xǡ͏࢈ =ǡȭȭ࢈ळ ळࣈࣄࣇࣃॼࣃࣄࣇࣃऴࣅࣈ लࣆ࣊࣊ࣂ

।࣊ࣆ॥ BǡǁǞƲǱ [ΝǱǋȊǋȍल bǞǋ ,ǡǘǘȐ ǀǽȐǽǷ ƲǷǇ ȗǞǋ ȊǞΘȐǡǁȐ ǽǗWW ȐǁƲȗȗǋȍǡǷǘ ǀǋǗǽȍǋ ƲǷǇ ƲǗȗǋȍ ,ǡǘǘȐ
ǇǡȐǁǽΑǋȍΘळ ࣃࣂ लࣅࣂࣁࣃ

।ࣁࣇ॥ �b=�[ �ǽǱǱƲǀǽȍƲȗǡǽǷल HǀȐǋȍΑƲȗǡǽǷ ǽǗ Ʋ ǷǋΒ ȊƲȍȗǡǁǱǋ ǡǷ ȗǞǋ ȐǋƲȍǁǞ Ǘǽȍ ȗǞǋ [ȗƲǷǇƲȍǇBǽǇǋǱ
,ǡǘǘȐ ǀǽȐǽǷ ΒǡȗǞ ȗǞǋ �b=�[ Ǉǋȗǋǁȗǽȍ Ʋȗ ȗǞǋ =,�ल UǴ͖Ȧ࢈ =ǡȭȭ࢈ �ळ ळ࣊ࣃॼࣂऴࣇࣂࣈ लࣃࣂࣁࣃ

।ࣂࣇ॥ �B[ �ǽǱǱƲǀǽȍƲȗǡǽǷल HǀȐǋȍΑƲȗǡǽǷ ǽǗ Ʋ CǋΒ �ǽȐǽǷ Ʋȗ Ʋ BƲȐȐ ǽǗ ࣆࣃࣂ %ǋq ΒǡȗǞ ȗǞǋ �B[
�ΗȊǋȍǡǶǋǷȗ Ʋȗ ȗǞǋ =,�ल UǴ͖Ȧ࢈ =ǡȭȭ࢈ �ळ ळࣂࣇॼࣁࣄऴࣇࣂࣈ लࣃࣂࣁࣃ

।ࣃࣇ॥ Hल �ȍȚǷǡǷǘळ ,ल �ȚȍǯǞƲȍǇȗळ ƲǷǇ [ल BΘǋȍȐल bǞǋ =Ʋȍǘǋ ,ƲǇȍǽǷ �ǽǱǱǡǇǋȍल UȣȓǮ࢈ Uǈȣȭ࢈ CȰǗȇ࢈
UǴ͖Ȧ࢈ळ ळࣅࣄࣈॼࣆࣁࣈऴࣈࣇ लࣃࣂࣁࣃ

।ࣄࣇ॥ $ȍƲǷǯ bǋǁǯǋȍल =ǽǷǘǡȗȚǇǡǷƲǱ �ǋƲǶ�ΘǷƲǶǡǁȐ ǡǷ �ǡȍǁȚǱƲȍ �ǁǁǋǱǋȍƲȗǽȍȐल /Ƿ ��[ ࣊ ��XC
�ǗǗǡȇǡȣǈȭȓȣ [ǗǴȓȓȇ ࢊ࠴ࠬࠫ࠭ /ȍȭȣȓǝȰǗȭǷȓȍ ȭȓ �ǗǗǡȇǡȣǈȭȓȣ UǴ͖ȦǷǗȦळ ࣂࣂ लࣁࣃࣁࣃ

।ࣅࣇ॥ �ƲǷ %ȍǋǋǷल �ȭ ȭǴǡ =ǡǈǝǷȍǮ �ǝǮǡࢊ bǴǡ �b=�[ ǈȍǝ �B[ =,� �͕ȠǡȣǷȌǡȍȭȦल sǽȍǱǇ [ǁǡǋǷȗǡϮǁ
UȚǀǱǡȐǞǡǷǘ �ǽǶȊƲǷΘळ लࣂࣂࣁࣃ

।ࣆࣇ॥ �b=�[ �ǽǱǱƲǀǽȍƲȗǡǽǷल bǞǋ �b=�[ �ΗȊǋȍǡǶǋǷȗ Ʋȗ ȗǞǋ ��XC =Ʋȍǘǋ ,ƲǇȍǽǷ �ǽǱǱǡǇǋȍल
:/C[bळ ळࣄࣁࣁࣉࣁ]ऴࣄ लࣉࣁࣁࣃ

।ࣇࣇ॥ �b=�[ �ǽǱǱƲǀǽȍƲȗǡǽǷल �b=�[ऴ �ǋȗǋǁȗǽȍ ƲǷǇ ȊǞΘȐǡǁȐ ȊǋȍǗǽȍǶƲǷǁǋ ȗǋǁǞǷǡǁƲǱ ǇǋȐǡǘǷ ȍǋȊǽȍȗल
qǽǱȚǶǋ ळࣂ ࣆ ल࣊࣊࣊ࣂ ��XCॺ=,��ॺ࣊࣊ॺࣅࣂळ �b=�[ॺb�Xॺࣅࣂल

।ࣈࣇ॥ �b=�[ �ǽǱǱƲǀǽȍƲȗǡǽǷल �b=�[ऴ �ǋȗǋǁȗǽȍ ƲǷǇ ȊǞΘȐǡǁȐ ȊǋȍǗǽȍǶƲǷǁǋ ȗǋǁǞǷǡǁƲǱ ǇǋȐǡǘǷ ȍǋȊǽȍȗल
qǽǱȚǶǋ ळࣃ ࣆ ल࣊࣊࣊ࣂ ��XCॺ=,��ॺ࣊࣊ॺࣆࣂळ �b=�[ॺb�Xॺࣆࣂल

࣊ࣃࣃ



।ࣉࣇ॥ �b=�[ �ǽǱǱƲǀǽȍƲȗǡǽǷल �b=�[ ǡǷǷǋȍ Ǉǋȗǋǁȗǽȍऴ bǋǁǞǷǡǁƲǱ ǇǋȐǡǘǷ ȍǋȊǽȍȗल qǽǱल ळࣂ ࣅ लࣈ࣊࣊ࣂ
��XCॺ=,��ॺ࣊ࣈॺࣇࣂळ �b=�[ॺb�Xॺࣅल

।࣊ࣇ॥ �b=�[ �ǽǱǱƲǀǽȍƲȗǡǽǷल �b=�[ ǡǷǷǋȍ Ǉǋȗǋǁȗǽȍऴ bǋǁǞǷǡǁƲǱ ǇǋȐǡǘǷ ȍǋȊǽȍȗल qǽǱल ळࣃ ࣅ लࣈ࣊࣊ࣂ
��XCॺ=,��ॺ࣊ࣈॺࣈࣂल

।ࣁࣈ॥ �b=�[ �ǽǱǱƲǀǽȍƲȗǡǽǷल �b=�[ /ǷȐǋȍȗƲǀǱǋ �ॺ=ƲΘǋȍ bǋǁǞǷǡǁƲǱ �ǋȐǡǘǷ XǋȊǽȍȗळ ࣊ लࣁࣂࣁࣃ
��XCॺ=,��ॺࣁࣂࣁࣃॺࣄࣂࣁळ �b=�[ॺb�Xॺ࣊ࣂल

।ࣂࣈ॥ �b=�[ �ǽǱǱƲǀǽȍƲȗǡǽǷल �b=�[ /ǷȐǋȍȗƲǀǱǋ �ॺ=ƲΘǋȍ bǋǁǞǷǡǁƲǱ �ǋȐǡǘǷ XǋȊǽȍȗ �ǇǇǋǷǇȚǶळ ࣆ
लࣃࣂࣁࣃ ��XCॺ=,��ॺࣃࣂࣁࣃॺ࣊ࣁࣁळ �b=�[ॺb�Xॺ࣊ࣂॺ���ॺࣂल

।ࣃࣈ॥ �b=�[ �ǽǱǱƲǀǽȍƲȗǡǽǷल �b=�[ ǱǡȌȚǡǇ ƲȍǘǽǷ ǁƲǱǽȍǡǶǋȗǋȍऴ bǋǁǞǷǡǁƲǱ ǇǋȐǡǘǷ ȍǋȊǽȍȗळ ࣃࣂ लࣇ࣊࣊ࣂ
��XCॺ=,��ॺ࣊ࣇॺࣂࣅल

।ࣄࣈ॥ �b=�[ �ǽǱǱƲǀǽȍƲȗǡǽǷल �b=�[ ȗǡǱǋ ǁƲǱǽȍǡǶǋȗǋȍऴ bǋǁǞǷǡǁƲǱ ǇǋȐǡǘǷ ȍǋȊǽȍȗळ ࣃࣂ लࣇ࣊࣊ࣂ ��XCॺ
=,��ॺ࣊ࣇॺࣃࣅल

।ࣅࣈ॥ �b=�[ �ǽǱǱƲǀǽȍƲȗǡǽǷल �b=�[ ǁƲǱǽȍǡǶǋȗǋȍ ȊǋȍǗǽȍǶƲǷǁǋ bǋǁǞǷǡǁƲǱ �ǋȐǡǘǷ XǋȊǽȍȗळ ࣃࣂ लࣇ࣊࣊ࣂ
��XCॺ=,��ॺ࣊ࣇॺࣁࣅल

।ࣆࣈ॥ �b=�[ �ǽǱǱƲǀǽȍƲȗǡǽǷल �b=�[ǶȚǽǷ ȐȊǋǁȗȍǽǶǋȗǋȍऴ bǋǁǞǷǡǁƲǱ ǇǋȐǡǘǷ ȍǋȊǽȍȗळ ࣇ लࣈ࣊࣊ࣂ
��XCॺ=,��ॺ࣊ࣈॺࣃࣃळ �b=�[ॺb�Xॺࣁࣂल

।ࣇࣈ॥ �b=�[ �ǽǱǱƲǀǽȍƲȗǡǽǷल �b=�[ǶƲǘǷǋȗ ȐΘȐȗǋǶऴ bǋǁǞǷǡǁƲǱ ǇǋȐǡǘǷ ȍǋȊǽȍȗळ ࣅ लࣈ࣊࣊ࣂ ��XCॺ
=,��ॺ࣊ࣈॺࣉࣂल

।ࣈࣈ॥ �ȍǋǷǇǽǷ �ȚǱǱƲȍǇळ BƲȐƲǞǡȍǽ Bǽȍǡǡळ ƲǷǇ [ȗǋǗƲǷǽ ~ƲǶǀǡȗǽल qƲǱǡǇƲȗǡǽǷ ƲǷǇ ȊǋȍǗǽȍǶƲǷǁǋ ȐȗȚǇǡǋȐ
Ǘǽȍ ȗǞǋ ȚȊǇƲȗǋ ǽǗ ȗǞǋ BƲǘǷǋȗǡǁ $ǡǋǱǇ ǽǗ ȗǞǋ �b=�[BȚǽǷ [ȊǋǁȗȍǽǶǋȗǋȍल bǋǁǞǷǡǁƲǱ ȍǋȊǽȍȗळ
��XCळ %ǋǷǋΑƲळ CǽΑ ल࣊ࣂࣁࣃ

।ࣉࣈ॥ [ल �ȍȗΝ ǋȗ ƲǱल eȊǘȍƲǇǋ ǽǗ ȗǞǋ �b=�[ �ǋǷȗȍƲǱ bȍǡǘǘǋȍ Ǘǽȍ =,�XȚǷॺࣃल :/C[bळ
ळࣁࣄࣁࣃࣁ�ॡऴࣃࣁॠࣁࣂ लࣆࣂࣁࣃ

।࣊ࣈ॥ [ȗǋǗƲǷ ,ȁǁǞǋल /ǷȗȍǽǇȚǁȗǡǽǷ ȗǽ ȊƲȍȗǽǷॺȐǞǽΒǋȍ ǋΑǋǷȗ ǘǋǷǋȍƲȗǽȍȐल /Ƿ bǴǡȓȣǡȭǷǗǈȇ �ǝ͏ǈȍǗǡǝ
[ȭȰǝ͖ /ȍȦȭǷȭȰȭǡ Ƿȍ �ȇǡȌǡȍȭǈȣ͖ UǈȣȭǷǗȇǡ UǴ͖ȦǷǗȦࢊ :ȓȰȣȍǡ͖Ȧ bǴȣȓȰǮǴ ȭǴǡ UȣǡǗǷȦǷȓȍ $ȣȓȍȭǷǡȣࢊ �ȌȠȇǷ࣊
ȭȰǝǡȦ ǭȓȣ �ȓȇȇǷǝǡȣȦळ ȊƲǘǋȐ ळࣆ࣊ࣃॼࣆࣄࣃ लࣆࣂࣁࣃ

।ࣁࣉ॥ �ǷǇΘ �ȚǁǯǱǋΘ ǋȗ ƲǱल %ǋǷǋȍƲǱॺȊȚȍȊǽȐǋ ǋΑǋǷȗ ǘǋǷǋȍƲȗǽȍȐ Ǘǽȍ =,� ȊǞΘȐǡǁȐल UǴ͖Ȧ࢈ XǡȠȭ࢈ळ
ळࣄࣄࣃॼࣆࣅࣂऴࣅࣁࣆ लࣂࣂࣁࣃ

।ࣂࣉ॥ :ǽǞǷBल �ƲǶȊǀǋǱǱळ :ल sल ,ȚȐȗǽǷळ ƲǷǇsल :ल [ȗǡȍǱǡǷǘल ,ƲȍǇ /ǷȗǋȍƲǁȗǡǽǷȐ ǽǗ WȚƲȍǯȐ ƲǷǇ %ǱȚॺ
ǽǷȐऴ � UȍǡǶǋȍ Ǘǽȍ =,� UǞΘȐǡǁȐल XǡȠȭ࢈ UȣȓǮ࢈ UǴ͖Ȧ࢈ळ ळ࣊ࣉऴࣁࣈ लࣈࣁࣁࣃ

ࣁࣄࣃ



।ࣃࣉ॥ �ȍǡȐȗǡǷǋǱ �ǡƲǁǽǷȚल bǞǋ UǞΘȐǡǁȐ ǽǗ ǇǋǋȊॺǡǷǋǱƲȐȗǡǁ ȐǁƲȗȗǋȍǡǷǘ Ʋȗ ,�X�ल �/U �ȓȍǭ࢈ UȣȓǗ࢈ळ
ळࣂࣂࣃॼࣄࣁࣃॡऴࣂॠࣃࣈ࣊ लࣉࣁࣁࣃ

।ࣄࣉ॥ %ȚǡǇǽ �ǱȗƲȍǋǱǱǡ ƲǷǇ %ल UƲȍǡȐǡल �ȐΘǶȊȗǽȗǡǁ $ȍǋǋǇǽǶ ǡǷ UƲȍȗǽǷ =ƲǷǘȚƲǘǋल CȰǗȇ࢈ UǴ͖Ȧ࢈ �ळ
ळࣉࣂࣄॼࣉ࣊ࣃऴࣇࣃࣂ लࣈࣈ࣊ࣂ

।ࣅࣉ॥ qल Cल %ȍǡǀǽΑ ƲǷǇ =ल Cल =ǡȊƲȗǽΑल �ǋǋȊ ǡǷǋǱƲȐȗǡǁ ǋ Ȋ ȐǁƲȗȗǋȍǡǷǘ ǡǷ ȊǋȍȗȚȍǀƲȗǡǽǷ ȗǞǋǽȍΘल [ȓ͏࢈ ࢈:
CȰǗȇ࢈ UǴ͖Ȧ࢈ळ ळࣁࣆࣅॼࣉࣄࣅऴࣆࣂ लࣃࣈ࣊ࣂ

।ࣆࣉ॥ yȚȍǡ =ल �ǽǯȐǞǡȗΝǋȍल �ƲǱǁȚǱƲȗǡǽǷ ǽǗ ȗǞǋ [ȗȍȚǁȗȚȍǋ $ȚǷǁȗǡǽǷȐ Ǘǽȍ �ǋǋȊ /ǷǋǱƲȐȗǡǁ [ǁƲȗȗǋȍǡǷǘ ƲǷǇ
ǋਭ ǋॺ �ǷǷǡǞǡǱƲȗǡǽǷ ǀΘ UǋȍȗȚȍǀƲȗǡǽǷ bǞǋǽȍΘ ǡǷ WȚƲǷȗȚǶ �ǞȍǽǶǽǇΘǷƲǶǡǁȐल [ȓ͏࢈ UǴ͖Ȧ࢈ :�bUळ
ळࣄࣆࣇॼࣂࣅࣇऴࣇࣅ लࣈࣈ࣊ࣂ

।ࣇࣉ॥ BǡǁǞƲǋǱ �ल UǋȐǯǡǷ ƲǷǇ �ƲǷǡǋǱ qल [ǁǞȍǽǋǇǋȍल �ȍ /ȍȭȣȓǝȰǗȭǷȓȍ ȭȓ ȢȰǈȍȭȰȌ χǡȇǝ ȭǴǡȓȣ͖ल
�ǇǇǡȐǽǷॺsǋȐǱǋΘळ XǋƲǇǡǷǘळ e[�ळ लࣆ࣊࣊ࣂ

।ࣈࣉ॥ bǞǋ ǁǽǽȍǇǡǷƲȗǋǇ ȗǞǋǽȍǋȗǡǁƲǱॺǋΗȊǋȍǡǶǋǷȗƲǱ ȊȍǽǬǋǁȗ ǽǷ ȌǁǇल �ǁǁǋȐȐǋǇBƲȍǁǞ ळࣂࣃ लࣃࣃࣁࣃ

।ࣉࣉ॥ bǞǋ ǷǷȊǇǗ ǁǽǱǱƲǀǽȍƲȗǡǽǷल �ǁǁǋȐȐǋǇBƲȍǁǞ ळࣂࣃ लࣃࣃࣁࣃ

।࣊ࣉ॥ UƲǽǱǽ CƲȐǽǷ ƲǷǇ �ȍΘƲǷsǋǀǀǋȍल CǋΗȗॺȗǽॺ=ǋƲǇǡǷǘॺHȍǇǋȍ �ΑǋǷȗ %ǋǷǋȍƲȗǽȍȐल �ȍȍ࢈ Xǡ͏࢈ CȰǗȇ࢈
Uǈȣȭ࢈ [ǗǷ࢈ळ ळࣄࣂࣃॼࣈࣉࣂऴࣃࣇ लࣃࣂࣁࣃ

।࣊ࣁ॥ UƲǽǱǽ CƲȐǽǷल � ǷǋΒǶǋȗǞǽǇ Ǘǽȍ ǁǽǶǀǡǷǡǷǘ C=HW��ΒǡȗǞ ȐǞǽΒǋȍ BǽǷȗǋ �ƲȍǱǽ ƲǱǘǽॺ
ȍǡȗǞǶȐल :,�Uळ ळࣁࣅࣁऴࣂࣂ लࣅࣁࣁࣃ

।࣊ࣂ॥ [ȗǋǗƲǷǽ $ȍǡΗǡǽǷǋळ UƲǽǱǽ CƲȐǽǷळ ƲǷǇ �ƲȍǱǽ HǱǋƲȍǡल BƲȗǁǞǡǷǘ C=HW�� ǁǽǶȊȚȗƲȗǡǽǷȐ ΒǡȗǞ
ȊƲȍȗǽǷ ȐǞǽΒǋȍ ȐǡǶȚǱƲȗǡǽǷȐऴ ȗǞǋ UHs,�%ǶǋȗǞǽǇल :,�Uळ ळࣁࣈࣁऴࣂࣂ लࣈࣁࣁࣃ

।࣊ࣃ॥ :ल �ǱΒƲǱǱळ Xल $ȍǋǇǋȍǡΗळ [ल $ȍǡΗǡǽǷǋळ qल ,ǡȍȐǁǞǡळ $ल BƲǱȗǽǷǡळ Hल BƲȗȗǋǱƲǋȍळ ,ल [ल [ǞƲǽळ bल [ȗǋǱΝǋȍळ
Uल bǽȍȍǡǋǱǱǡळ ƲǷǇBल ~Ʋȍǽल bǞǋ ƲȚȗǽǶƲȗǋǇ ǁǽǶȊȚȗƲȗǡǽǷ ǽǗ ȗȍǋǋॺǱǋΑǋǱ ƲǷǇ ǷǋΗȗॺȗǽॺǱǋƲǇǡǷǘ ǽȍǇǋȍ
ǇǡϥǋȍǋǷȗǡƲǱ ǁȍǽȐȐ ȐǋǁȗǡǽǷȐळ ƲǷǇ ȗǞǋǡȍ ǶƲȗǁǞǡǷǘ ȗǽ ȊƲȍȗǽǷ ȐǞǽΒǋȍ ȐǡǶȚǱƲȗǡǽǷȐल :,�Uळ ळ࣊ࣈࣁऴࣈࣁ
लࣅࣂࣁࣃ

।࣊ࣄ॥ [ȗǋǗƲǷǽ $ȍǡΗǡǽǷǋ ƲǷǇ �ȍΘƲǷ Xल sǋǀǀǋȍल BƲȗǁǞǡǷǘ C=HW�� ǁǽǶȊȚȗƲȗǡǽǷȐ ƲǷǇ ȊƲȍȗǽǷ
ȐǞǽΒǋȍ ȐǡǶȚǱƲȗǡǽǷȐल :,�Uळ ळ࣊ࣃࣁऴࣇࣁ लࣃࣁࣁࣃ

।࣊ࣅ॥ Xǡǯǯǋȍȗ $ȍǋǇǋȍǡΗ ƲǷǇ [ȗǋǗƲǷǽ $ȍǡΗǡǽǷǋल BǋȍǘǡǷǘ ǶǋǋȗȐ ǶƲȗǁǞǡǷǘ ǡǷB�ટC=Hल :,�Uळ
ळࣂࣇࣁऴࣃࣂ लࣃࣂࣁࣃ

।࣊ࣆ॥ Xǡǯǯǋȍȗ $ȍǋǇǋȍǡΗ ƲǷǇ /ǽƲǷǷǡȐ bȐǡǷǡǯǽȐल HǷ ǡǶȊȍǽΑǡǷǘ C=HǶǋȍǘǡǷǘ Ǘǽȍ ttW ȊȍǽǇȚǁȗǡǽǷल
:,�Uळ ळ࣊ࣃࣁऴࣂࣂ लࣂࣃࣁࣃ

ࣂࣄࣃ



।࣊ࣇ॥ Uǡǋȍȍǋ �ȍȗǽǡȐǋǷǋȗळ Xǡǯǯǋȍȗ $ȍǋǇǋȍǡΗळ HǱǡΑǡǋȍ BƲȗȗǋǱƲǋȍळ ƲǷǇ Xǽǀǀǋȍȗ Xǡǋȗǯǋȍǯल �ȚȗǽǶƲȗǡǁ
ȐȊǡǷॺǋǷȗƲǷǘǱǋǇ ǇǋǁƲΘȐ ǽǗ ǞǋƲΑΘ ȍǋȐǽǷƲǷǁǋȐ ǡǷ BǽǷȗǋ �ƲȍǱǽ ȐǡǶȚǱƲȗǡǽǷȐल :,�Uळ ळࣆࣂࣁऴࣄࣁ लࣄࣂࣁࣃ

।࣊ࣈ॥ bǽȍǀǬȁȍǷ [ǬȁȐȗȍƲǷǇळ [ȗǋǗƲǷ �Ȑǯळ :ǋȐȊǋȍ Xल �ǞȍǡȐȗǡƲǷȐǋǷळ XǡǁǞƲȍǇ �ǽȍǯǋळ CǡȐǞǡȗƲ �ǋȐƲǡळ UǞǡǱǡȊ
/ǱȗǋǷळ [ȗǋȊǞǋǷBȍǋǷǷƲळ [ȗǋǗƲǷ UȍǋȐȗǋǱळ �ǞȍǡȐȗǡǷǋ Hल XƲȐǶȚȐȐǋǷळ ƲǷǇ Uǋȗǋȍ ~ल [ǯƲǷǇȐल �Ƿ
ǡǷȗȍǽǇȚǁȗǡǽǷ ȗǽ Uyb,/� लࣃलࣉ �ȓȌȠȰȭ࢈ UǴ͖Ȧ࢈ �ȓȌȌȰȍ࢈ळ ळࣈࣈࣂॼ࣊ࣆࣂऴࣂ࣊ࣂ लࣆࣂࣁࣃ

।࣊ࣉ॥ :ǽǞƲǷǷǋȐ �ǋǱǱǶ ǋȗ ƲǱल ,ǋȍΒǡǘ ǋȍΒǡǘਭਭ,ूࣁलࣈ ࣁलࣄ ȍǋǱǋƲȐǋ Ƿǽȗǋल �Ȱȣ࢈ UǴ͖Ȧ࢈ ࢈: �ळ ळࣇ࣊ࣂॡऴࣅॠࣇࣈ
लࣇࣂࣁࣃ

।࣊࣊॥ �ल :ल =ƲǷǘǋल bǞǋ �Αȗ%ǋǷ ȊƲȍȗǡǁǱǋ ǇǋǁƲΘ ȐǡǶȚǱƲȗǡǽǷ ȊƲǁǯƲǘǋल CȰǗȇ࢈ /ȍȦȭȣȰȌ࢈BǡȭǴ࢈ �ळ
ळࣆࣆࣂॼࣃࣆࣂऴࣃࣇࣅ लࣂࣁࣁࣃ

।ࣁࣁࣂ॥ �Ƿȍǡǁǽ �ǽȗǞǶƲǷǷ ǋȗ ƲǱल �ΑǋǷȗ %ǋǷǋȍƲȗǡǽǷ ΒǡȗǞ [ǞǋȍȊƲ लࣃलࣃ [ǗǷUȓȦȭ UǴ͖Ȧ࢈ळ ळࣅࣄࣁॡऴࣄॠࣈ ल࣊ࣂࣁࣃ

।ࣂࣁࣂ॥ $ǋǇǋȍǡǁǽ �ȚǁǁǡǽǷǡळ :ǋƲǷॺCǡǁǽǱƲȐ =ƲǷǘळ :ǽǷƲȐ Bल =ǡǷǇǋȍȗळ UǞǡǱǡȊȊBƲǡǋȍǞȁǗǋȍळ [ȗǋǗƲǷǽ UǽΝॺ
ΝǽȍǡǷǡळ ,ƲǷȗǡƲǷ ~ǞƲǷǘळ ƲǷǇBƲΗ $ल ~ǽǱǱǋȍल HȊǋǷ=ǽǽȊȐ लࣃ �Ȱȣ࢈ UǴ͖Ȧ࢈ ࢈: �ळ ळࣇࣇࣉॡऴࣁࣂॠ࣊ࣈ ल࣊ࣂࣁࣃ

।ࣃࣁࣂ॥ [ȗǋϥǋǷ [ǁǞȚǶƲǷǷ ƲǷǇ $ȍƲǷǯ <ȍƲȚȐȐल � UƲȍȗǽǷ ȐǞǽΒǋȍ ƲǱǘǽȍǡȗǞǶ ǀƲȐǋǇ ǽǷ �ƲȗƲǷǡॺ[ǋΘǶǽȚȍ
ǇǡȊǽǱǋ ǗƲǁȗǽȍǡȐƲȗǡǽǷल :,�Uळ ळࣉࣄࣁऴࣄࣁ लࣉࣁࣁࣃ

।ࣄࣁࣂ॥ [ल �ǘǽȐȗǡǷǋǱǱǡ ǋȗ ƲǱल %��CbࣅॼƲ ȐǡǶȚǱƲȗǡǽǷ ȗǽǽǱǯǡȗल CȰǗȇ࢈ /ȍȦȭȣȰȌ࢈BǡȭǴ࢈ �ळ ळࣄࣁࣄॼࣁࣆࣃऴࣇࣁࣆ
लࣄࣁࣁࣃ

।ࣅࣁࣂ॥ sल =ȚǯƲȐल $ƲȐȗ [ǡǶȚǱƲȗǡǽǷ Ǘǽȍ �b=�[ऴ �ȗǱǗƲȐȗॺ// ƲǷǇ /[$ल ࢈: UǴ͖Ȧ࢈ �ȓȍǭ࢈ [ǡȣ࢈ळ ळࣂࣄࣁࣃࣃࣁऴࣇ࣊ࣄ
लࣃࣂࣁࣃ

।ࣆࣁࣂ॥ %ǋǽȍǘǋȐ �ƲǇ ǋȗ ƲǱल BǋƲȐȚȍǋǶǋǷȗ ǽǗ ȗǞǋ ȚǷǇǋȍǱΘǡǷǘ ǋΑǋǷȗ ǡǷ Ǭǋȗ ǋΑǋǷȗȐ ǗȍǽǶ ࣈ bǋq ȊȍǽȗǽǷॺ
ȊȍǽȗǽǷ ǁǽǱǱǡȐǡǽǷȐ ΒǡȗǞ ȗǞǋ �b=�[ Ǉǋȗǋǁȗǽȍल �Ȱȣ࢈ UǴ͖Ȧ࢈ ࢈: �ळ ळࣆࣇ࣊ࣃॡऴࣉॠࣅࣈ लࣅࣂࣁࣃ

।ࣇࣁࣂ॥ Uल �ƲȍȗƲǱǡǷǡ ǋȗ ƲǱल BȚǱȗǡॺUƲȍȗǽǷ /ǷȗǋȍƲǁȗǡǽǷȐ Ʋȗ ȗǞǋ =,�ल ࣂࣂ लࣂࣂࣁࣃ

।ࣈࣁࣂ॥ bल �ǽȍǷǋǱǡȐȐǋǷळ Bल �ǱȐǡǷǘळ /ल %ƲΑȍǡǱǋǷǯǽळ sल =ǡǋǀǡǘळ �ल BǽΘȐǋळ ƲǷǇ �ल [ƲǱΝǀȚȍǘǋȍल bǞǋ ǷǋΒ
�b=�[ ȗȍƲǁǯ ȍǋǁǽǷȐȗȍȚǁȗǡǽǷ ॠC�sbॡल ࢈: UǴ͖Ȧ࢈ �ȓȍǭ࢈ [ǡȣ࢈ळ ळࣅࣂࣁࣃࣄࣁऴ࣊ࣂࣂ लࣉࣁࣁࣃ

।ࣉࣁࣂ॥ bǞǋ HȊȗǡǶǡΝƲȗǡǽǷ ǽǗ �b=�[ bȍƲǁǯ XǋǁǽǷȐȗȍȚǁȗǡǽǷ ǡǷ �ǋǷȐǋ �ǷΑǡȍǽǷǶǋǷȗȐल ࣄ लࣆࣂࣁࣃ

।࣊ࣁࣂ॥ Xल $ȍȚǞΒǡȍȗǞल �ȊȊǱǡǁƲȗǡǽǷ ǽǗ <ƲǱǶƲǷ ϮǱȗǋȍǡǷǘ ȗǽ ȗȍƲǁǯ ƲǷǇ ΑǋȍȗǋΗ ϮȗȗǡǷǘल CȰǗȇ࢈ /ȍȦȭȣȰȌ࢈
BǡȭǴ࢈ �ळ ळࣁࣆࣅॼࣅࣅࣅऴࣃࣇࣃ लࣈࣉ࣊ࣂ

।ࣁࣂࣂ॥ �ƲȍǱΘ /ǷǷǋȍ �ǋȗǋǁȗǽȍ bȍƲǁǯǡǷǘ UǋȍǗǽȍǶƲǷǁǋ ǡǷ ȗǞǋ ࣆࣂࣁࣃ ǇƲȗƲ Ʋȗ
√
s ਱ ࣄࣂ bǋqल लࣆࣂࣁࣃ

।ࣂࣂࣂ॥ bȍƲǁǯ XǋǁǽǷȐȗȍȚǁȗǡǽǷ UǋȍǗǽȍǶƲǷǁǋ ǽǗ ȗǞǋ �b=�[ /ǷǷǋȍ �ǋȗǋǁȗǽȍ Ʋȗ
√
s = 13ਹbǋqल ࣈ लࣆࣂࣁࣃ

ࣃࣄࣃ



।ࣃࣂࣂ॥ qǋȍȗǋΗ XǋǁǽǷȐȗȍȚǁȗǡǽǷ UǋȍǗǽȍǶƲǷǁǋ ǽǗ ȗǞǋ �b=�[ �ǋȗǋǁȗǽȍ Ʋȗ ঊृȐȌȍȗȐ ਱ ਹृȗǋΗȗȍǶbǋqঊलࣄࣂ
लࣆࣂࣁࣃ

।ࣄࣂࣂ॥ %ǋǽȍǘǋȐ �ƲǇ ǋȗ ƲǱल bǽȊǽǱǽǘǡǁƲǱ ǁǋǱǱ ǁǱȚȐȗǋȍǡǷǘ ǡǷ ȗǞǋ �b=�[ ǁƲǱǽȍǡǶǋȗǋȍȐ ƲǷǇ ǡȗȐ ȊǋȍǗǽȍǶƲǷǁǋ
ǡǷ =,�XȚǷ लࣂ �Ȱȣ࢈ UǴ͖Ȧ࢈ ࢈: �ळ ळࣁ࣊ࣅऴࣈࣈ लࣈࣂࣁࣃ

।ࣅࣂࣂ॥ %ǋǽȍǘǋȐ �ƲǇ ǋȗ ƲǱल �ǱǋǁȗȍǽǷ ƲǷǇ ȊǞǽȗǽǷ ȊǋȍǗǽȍǶƲǷǁǋ ǶǋƲȐȚȍǋǶǋǷȗȐ ΒǡȗǞ ȗǞǋ �b=�[ Ǉǋȗǋǁॺ
ȗǽȍ ȚȐǡǷǘ ȗǞǋ ࣈࣂࣁࣃॼࣆࣂࣁࣃ =,� ȊȍǽȗǽǷॺȊȍǽȗǽǷ ǁǽǱǱǡȐǡǽǷ ǇƲȗƲल :/C[bळ ळࣇࣁࣁࣃࣂॡऴUࣃࣂॠࣅࣂ ल࣊ࣂࣁࣃ

।ࣆࣂࣂ॥ %ǋǽȍǘǋȐ �ƲǇ ǋȗ ƲǱल UǋȍǗǽȍǶƲǷǁǋ ǽǗ ǋǱǋǁȗȍǽǷ ƲǷǇ ȊǞǽȗǽǷ ȗȍǡǘǘǋȍȐ ǡǷ �b=�[ ǇȚȍǡǷǘ =,�XȚǷ
लࣃ �Ȱȣ࢈ UǴ͖Ȧ࢈ ࢈: �ळ ळࣈࣅॡऴࣂॠࣁࣉ लࣁࣃࣁࣃ

।ࣇࣂࣂ॥ BǽȍƲǇ �ƲǀǽȚǇ ǋȗ ƲǱल �ǱǋǁȗȍǽǷ ǋϨǁǡǋǷǁΘ ǶǋƲȐȚȍǋǶǋǷȗȐ ΒǡȗǞ ȗǞǋ �b=�[ Ǉǋȗǋǁȗǽȍ ȚȐǡǷǘ ࣃࣂࣁࣃ
=,� ȊȍǽȗǽǷॼȊȍǽȗǽǷ ǁǽǱǱǡȐǡǽǷ ǇƲȗƲल �Ȱȣ࢈ UǴ͖Ȧ࢈ ࢈: �ळ ळࣆ࣊ࣂॡऴࣄॠࣈࣈ लࣈࣂࣁࣃ

।ࣈࣂࣂ॥ %ǋǽȍǘǋȐ �ƲǇ ǋȗ ƲǱल BȚǽǷ ȍǋǁǽǷȐȗȍȚǁȗǡǽǷ ƲǷǇ ǡǇǋǷȗǡϮǁƲȗǡǽǷ ǋϨǁǡǋǷǁΘ ǡǷ �b=�[ ȚȐǡǷǘ ȗǞǋ
ǗȚǱǱ XȚǷ ࣃ pp ǁǽǱǱǡȐǡǽǷ ǇƲȗƲ Ȑǋȗ Ʋȗ

√
s = 13bǋqल �Ȱȣ࢈ UǴ͖Ȧ࢈ ࢈: �ळ ळࣉࣈࣆॡऴࣈॠࣂࣉ लࣂࣃࣁࣃ

।ࣉࣂࣂ॥ %ǋǽȍǘǋȐ �ƲǇ ǋȗ ƲǱल �ǱǡǘǷǶǋǷȗ ǽǗ ȗǞǋ �b=�[ /ǷǷǋȍ �ǋȗǋǁȗǽȍ ǡǷ XȚǷॺࣃल �Ȱȣ࢈ UǴ͖Ȧ࢈ ࢈: �ळ
ळࣅ࣊ࣂࣂॡऴࣃࣂॠࣁࣉ लࣁࣃࣁࣃ

।࣊ࣂࣂ॥ BǽȍƲǇ �ƲǀǽȚǇ ǋȗ ƲǱल :ǋȗ ȍǋǁǽǷȐȗȍȚǁȗǡǽǷ ƲǷǇ ȊǋȍǗǽȍǶƲǷǁǋ ȚȐǡǷǘ ȊƲȍȗǡǁǱǋ ϱǽΒ ΒǡȗǞ ȗǞǋ �bॺ
=�[ �ǋȗǋǁȗǽȍल �Ȱȣ࢈ UǴ͖Ȧ࢈ ࢈: �ळ ळࣇࣇࣅॡऴࣈॠࣈࣈ लࣈࣂࣁࣃ

।ࣁࣃࣂ॥ BƲȗȗǋǽ �ƲǁǁǡƲȍǡळ %ƲΑǡǷ Uल [ƲǱƲǶळ ƲǷǇ %ȍǋǘǽȍΘ [ǽΘǋΝल bǞǋ ƲǷȗǡॺkt Ǭǋȗ ǁǱȚȐȗǋȍǡǷǘ ƲǱǘǽȍǡȗǞǶल
:,�Uळ ळࣄࣇࣁऴࣅࣁ लࣉࣁࣁࣃ

।ࣂࣃࣂ॥ BƲȗȗǋǽ �ƲǁǁǡƲȍǡळ %ƲΑǡǷ [ƲǱƲǶळ ƲǷǇ %ȍǋǘǽȍΘ [ǽΘǋΝल $ƲȐȗǬǋȗळ लࣂࣃࣁࣃ

।ࣃࣃࣂ॥ BƲȗȗǋǽ �ƲǁǁǡƲȍǡळ %ƲΑǡǷ Uल [ƲǱƲǶळ ƲǷǇ %ȍǋǘǽȍΘ [ǽΘǋΝल bǞǋ �ƲȗǁǞǶǋǷȗ �ȍǋƲ ǽǗ :ǋȗȐल :,�Uळ
ळࣆࣁࣁऴࣅࣁ लࣉࣁࣁࣃ

।ࣄࣃࣂ॥ BƲȗȗǋǽ �ƲǁǁǡƲȍǡ ƲǷǇ %ƲΑǡǷ Uल [ƲǱƲǶल UǡǱǋȚȊ ȐȚǀȗȍƲǁȗǡǽǷ ȚȐǡǷǘ Ǭǋȗ ƲȍǋƲȐल UǴ͖Ȧ࢈ =ǡȭȭ࢈ �ळ
ळࣇࣃࣂॼ࣊ࣂࣂऴ࣊ࣆࣇ लࣉࣁࣁࣃ

।ࣅࣃࣂ॥ BǽǷȗǋ �ƲȍǱǽ �ƲǱǡǀȍƲȗǡǽǷ ƲǷǇ �ǽǶǀǡǷƲȗǡǽǷ ǽǗ /ǷॺȐǡȗȚ BǋƲȐȚȍǋǶǋǷȗȐ ǽǗ :ǋȗ �ǷǋȍǘΘ [ǁƲǱǋळ :ǋȗ
�ǷǋȍǘΘ XǋȐǽǱȚȗǡǽǷ ƲǷǇ :ǋȗ BƲȐȐ ǡǷ �b=�[ल ࣉ लࣆࣂࣁࣃ

।ࣆࣃࣂ॥ :ǋȗ ǘǱǽǀƲǱ ȐǋȌȚǋǷȗǡƲǱ ǁǽȍȍǋǁȗǡǽǷȐ ΒǡȗǞ ȗǞǋ �b=�[ Ǉǋȗǋǁȗǽȍ ǡǷ ȊȍǽȗǽǷॺȊȍǽȗǽǷ ǁǽǱǱǡȐǡǽǷȐ Ʋȗ
ȐȌȍȗॠȐॡ ਱ ࣉ bǋqल ࣄ लࣆࣂࣁࣃ

।ࣇࣃࣂ॥ /ǷॺȐǡȗȚ Ǭǋȗ ǋǷǋȍǘΘ ȐǁƲǱǋ ƲǷǇ Ǭǋȗ ȐǞƲȊǋ ǁǽȍȍǋǁȗǡǽǷȐ Ǘǽȍ ǶȚǱȗǡȊǱǋ ǡǷȗǋȍƲǁȗǡǽǷȐ ǡǷ ȗǞǋ ϮȍȐȗ �b=�[
ǇƲȗƲ Ʋȗ ȗǞǋ =,�ल ࣄ लࣂࣂࣁࣃ

ࣄࣄࣃ



।ࣈࣃࣂ॥ %ǋǽȍǘǋȐ �ƲǇ ǋȗ ƲǱल �b=�[ ǀॺǬǋȗ ǡǇǋǷȗǡϮǁƲȗǡǽǷ ȊǋȍǗǽȍǶƲǷǁǋ ƲǷǇ ǋϨǁǡǋǷǁΘ ǶǋƲȐȚȍǋǶǋǷȗ ΒǡȗǞ
tt̄ ǋΑǋǷȗȐ ǡǷ ȊȊ ǁǽǱǱǡȐǡǽǷȐ Ʋȗ

√
s = 13bǋqल �Ȱȣ࢈ UǴ͖Ȧ࢈ ࢈: �ळ ळࣁࣈॡऴ࣊ࣂࣂॠ࣊ࣈ ल࣊ࣂࣁࣃ

।ࣉࣃࣂ॥ HȊȗǡǶǡȐƲȗǡǽǷ ƲǷǇ ȊǋȍǗǽȍǶƲǷǁǋ ȐȗȚǇǡǋȐ ǽǗ ȗǞǋ �b=�[ bॺȗƲǘǘǡǷǘ ƲǱǘǽȍǡȗǞǶȐ Ǘǽȍ ȗǞǋ ࣉࣂॺࣈࣂࣁࣃ
=,� ȍȚǷल ࣈ लࣈࣂࣁࣃ

।࣊ࣃࣂ॥ [ǋǁǽǷǇƲȍΘ ΑǋȍȗǋΗ ϮǷǇǡǷǘ Ǘǽȍ Ǭǋȗ ϱƲΑǽȚȍ ǡǇǋǷȗǡϮǁƲȗǡǽǷ ΒǡȗǞ ȗǞǋ �b=�[ Ǉǋȗǋǁȗǽȍल ࣇ लࣈࣂࣁࣃ

।ࣁࣄࣂ॥ bǽȊǽǱǽǘǡǁƲǱ bॺǞƲǇȍǽǷ ǇǋǁƲΘ ȍǋǁǽǷȐȗȍȚǁȗǡǽǷ ƲǷǇ ǡǇǋǷȗǡϮǁƲȗǡǽǷ ǽǗ bॺǬǋȗȐ ΒǡȗǞ ȗǞǋ :ǋȗ$ǡȗȗǋȍ
ȊƲǁǯƲǘǋ ǡǷ ȗǞǋ �b=�[ ǋΗȊǋȍǡǶǋǷȗ Ʋȗ ȗǞǋ =,�ल लࣉࣂࣁࣃ

।ࣂࣄࣂ॥ /ǇǋǷȗǡϮǁƲȗǡǽǷ ǽǗ :ǋȗȐ �ǽǷȗƲǡǷǡǷǘ bॺ,ƲǇȍǽǷȐ ΒǡȗǞ XǋǁȚȍȍǋǷȗ CǋȚȍƲǱ CǋȗΒǽȍǯȐ Ʋȗ ȗǞǋ �b=�[
�ΗȊǋȍǡǶǋǷȗल ࣄ लࣈࣂࣁࣃ

।ࣃࣄࣂ॥ bƲǘǘǡǷǘ ƲǷǇ ȐȚȊȊȍǋȐȐǡǽǷ ǽǗ ȊǡǱǋȚȊ ǬǋȗȐल ࣆ लࣅࣂࣁࣃ

।ࣄࣄࣂ॥ BǽȍƲǇ �ƲǀǽȚǇ ǋȗ ƲǱल UǋȍǗǽȍǶƲǷǁǋ ǽǗ ǶǡȐȐǡǷǘ ȗȍƲǷȐΑǋȍȐǋ ǶǽǶǋǷȗȚǶ ȍǋǁǽǷȐȗȍȚǁȗǡǽǷ ΒǡȗǞ ȗǞǋ
�b=�[ Ǉǋȗǋǁȗǽȍ ȚȐǡǷǘ ȊȍǽȗǽǷॺȊȍǽȗǽǷ ǁǽǱǱǡȐǡǽǷȐ Ʋȗ

√
s ਱ ࣄࣂ bǋqल �Ȱȣ࢈ UǴ͖Ȧ࢈ ࢈: �ळ ळࣄࣁॡऴ࣊ࣂࣂॠࣉࣈ

लࣉࣂࣁࣃ

।ࣅࣄࣂ॥ BǽȍƲǇ �ƲǀǽȚǇ ǋȗ ƲǱल �ǡȍǋǁȗ ȗǽȊॺȌȚƲȍǯ ǇǋǁƲΘ ΒǡǇȗǞ ǶǋƲȐȚȍǋǶǋǷȗ ǡǷ ȗǞǋ tt̄ ǱǋȊȗǽǷਭǬǋȗȐ ǁǞƲǷॺ
ǷǋǱ Ʋȗ

√
s਱ࣉ bǋq ΒǡȗǞ ȗǞǋ �b=�[ ǋΗȊǋȍǡǶǋǷȗल �Ȱȣ࢈ UǴ͖Ȧ࢈ ࢈: �ळ ळ࣊ࣃࣂॡऴࣃॠࣉࣈ लࣉࣂࣁࣃ

।ࣆࣄࣂ॥ :ǽǞǷBल �ƲǶȊǀǋǱǱ ƲǷǇ Xल <ǋǡȗǞ �ǱǱǡȐल tt̄W+− ȊȍǽǇȚǁȗǡǽǷ ƲǷǇ ǇǋǁƲΘ Ʋȗ C=Hल :,�Uळ ळࣃࣆࣁऴࣈࣁ
लࣃࣂࣁࣃ

।ࣇࣄࣂ॥ �ल Ǉǋ $ǱǽȍǡƲǷ ǋȗ ƲǱल ,ƲǷǇǀǽǽǯ ǽǗ =,�,ǡǘǘȐ �ȍǽȐȐ [ǋǁȗǡǽǷȐऴ लࣅ �ǋǁǡȊǞǋȍǡǷǘ ȗǞǋ CƲȗȚȍǋ ǽǗ
ȗǞǋ ,ǡǘǘȐ [ǋǁȗǽȍल ळࣈࣂࣁࣃूࣃ ࣁࣂ लࣇࣂࣁࣃ

।ࣈࣄࣂ॥ [ल $ȍǡΗǡǽǷǋळ qल ,ǡȍȐǁǞǡळ �ल UƲǘƲǷǡळ ,ल [ल [ǞƲǽळ ƲǷǇBल ~Ʋȍǽल �ǱǋǁȗȍǽΒǋƲǯ ƲǷǇ W�� ǁǽȍȍǋǁॺ
ȗǡǽǷȐ ȗǽ ȗǽȊॺȊƲǡȍ ǞƲǇȍǽȊȍǽǇȚǁȗǡǽǷ ǡǷ ƲȐȐǽǁǡƲȗǡǽǷ ΒǡȗǞ ǞǋƲΑΘ ǀǽȐǽǷȐल :,�Uळ ळࣅࣉࣂऴࣇࣁ लࣆࣂࣁࣃ

।ࣉࣄࣂ॥ Xǡǯǯǋȍȗ $ȍǋǇǋȍǡΗ ƲǷǇ /ǽƲǷǷǡȐ bȐǡǷǡǯǽȐल [ȚǀǱǋƲǇǡǷǘ �s ǁǽȍȍǋǁȗǡǽǷȐ ƲǷǇ ȐȊǡǷॺǁǽȍȍǋǱƲȗǡǽǷ
ǋϥǋǁȗȐ ǡǷ tt̄W ǶȚǱȗǡॺǱǋȊȗǽǷ ȐǡǘǷƲȗȚȍǋȐल �Ȱȣ࢈ UǴ͖Ȧ࢈ ࢈: �ळ ळࣄࣁࣉॠ࣊ॡऴࣁࣉ लࣁࣃࣁࣃ

।࣊ࣄࣂ॥ [ȗǋǗƲǷ ΑǽǷ �ȚǇǇǋǷǀȍǽǁǯळ XǡǁǞƲȍǇ XȚǡΝळ ƲǷǇ �ȍȚǁǋ BǋǱǱƲǇǽल �ǷƲȗǽǶΘ ǽǗ ǡǷǁǱȚȐǡΑǋ tt̄W
ȊȍǽǇȚǁȗǡǽǷ Ʋȗ ǞƲǇȍǽǷ ǁǽǱǱǡǇǋȍȐल UǴ͖Ȧ࢈ =ǡȭȭ࢈ �ळ ळࣅࣇ࣊ࣆࣄࣂऴࣂࣂࣉ लࣁࣃࣁࣃ

।ࣁࣅࣂ॥ %ǡȚȐǋȊȊǋ �ǋΑǡǱƲǁȌȚƲळ ,ȚƲǷॺyȚ �ǡळ ,ǋȍǡǀǋȍȗȚȐ �ƲΘȚ ,ƲȍȗƲǷȗǽळ BƲǷǗȍǋǇ <ȍƲȚȐळ ƲǷǇBƲǱǘǽॺ
ȍΝƲȗƲ sǽȍǋǯल bǞǋ ȐǡǶȊǱǋȐȗ ǽǗ ȗǞǋǶ ƲǱǱऴ tt̄W± Ʋȗ C=H ƲǁǁȚȍƲǁΘ ǡǷ W��ल :,�Uळ ळࣄࣅࣁऴࣉࣁ
लࣁࣃࣁࣃ

ࣅࣄࣃ



।ࣂࣅࣂ॥ %ल �ǋΑǡǱƲǁȌȚƲळ ,ल yल �ǡळ $ल $ǋǀȍǋȐ �ǽȍǇǋȍǽळ ,ल �ल ,ƲȍȗƲǷȗǽळ Bल <ȍƲȚȐळ :ल CƲȐȚϮळ =ल XǋǡǷƲळ
ƲǷǇBलsǽȍǋǯल BǽǇǋǱǡǷǘ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ǽǗ tt̄W± ǶȚǱȗǡǱǋȊȗǽǷ ȐǡǘǷƲȗȚȍǋȐल UǴ͖Ȧ࢈ Xǡ͏࢈ �ळ
ळࣉࣂࣁࣅࣂࣁॡऴࣂॠࣆࣁࣂ लࣃࣃࣁࣃ

।ࣃࣅࣂ॥ �ǱǋȐȐƲǷǇȍǽ �ȍǽǘǘǡǽळ �ǷǇȍǋƲ $ǋȍȍǽǘǱǡƲळ Xǡǯǯǋȍȗ $ȍǋǇǋȍǡΗळ �ƲΑǡǇǋ UƲǘƲǷǡळ �ǋǷǬƲǶǡǷ �ल UǋǁǬƲǯळ
ƲǷǇ /ǽƲǷǷǡȐ bȐǡǷǡǯǽȐल tt̄X ǁƲǱǁȚǱƲȗǡǽǷȐ ƲǷǇ ǶǽǇǋǱǡǷǘल Uȓ[ळ =,�Uࣂࣃࣁࣃऴࣄࣈࣁळ लࣂࣃࣁࣃ

।ࣄࣅࣂ॥ BƲǷǗȍǋǇ <ȍƲȚȐल HǷ ȗǞǋ ǶǽǇǋǱǡǷǘ ǽǗ tt̄W± ȐǡǘǷƲȗȚȍǋȐ Ʋȗ ȗǞǋ =,�ल /Ƿ ȭǴ࠰ࠬ /ȍȭǡȣȍǈȭǷȓȍǈȇ
[͖ȌȠȓȦǷȰȌ ȓȍ XǈǝǷǈȭǷ͏ǡ �ȓȣȣǡǗȭǷȓȍȦࢊ �ȠȠȇǷǗǈȭǷȓȍȦ ȓǭ WȰǈȍȭȰȌ $Ƿǡȇǝ bǴǡȓȣ͖ ȭȓ UǴǡȍȓȌǡȍȓȇ࣊
ȓǮ͖ �C� =ȓȓȠ$ǡȦȭ x/xࢊsȓȣȅȦǴȓȠ ȓȍ XǈǝǷǈȭǷ͏ǡ �ȓȣȣǡǗȭǷȓȍȦ ǭȓȣ ȭǴǡ =,� ǈȍǝ $ȰȭȰȣǡ �ȓȇȇǷǝ࣊
ǡȣȦळ ࣁࣂ लࣂࣃࣁࣃ

।ࣅࣅࣂ॥ HȐǁƲȍ �ǷȗȚǷƲǷǽळ :ǽǞƲǷǷ ,ल <ȚǞǷळ ƲǷǇ %ǋȍǶƲǷ XǽǇȍǡǘǽल bǽȊ ȌȚƲȍǯȐळ ƲΗǡǘǱȚǽǷȐ ƲǷǇ ǁǞƲȍǘǋ
ƲȐΘǶǶǋȗȍǡǋȐ Ʋȗ ǞƲǇȍǽǷ ǁǽǱǱǡǇǋȍȐल UǴ͖Ȧ࢈ Xǡ͏࢈ �ळ ळࣄࣁࣁࣅࣂࣁऴࣈࣈ लࣉࣁࣁࣃ

।ࣆࣅࣂ॥ bल �ƲǱȗǽǷǋǷ ǋȗ ƲǱल BǋƲȐȚȍǋǶǋǷȗ ǽǗ ȗǞǋ ȗǽȊ ȌȚƲȍǯ ǗǽȍΒƲȍǇॺǀƲǁǯΒƲȍǇ ȊȍǽǇȚǁȗǡǽǷ ƲȐΘǶǶǋȗȍΘ
ƲǷǇ ǡȗȐ ǇǋȊǋǷǇǋǷǁǋ ǽǷ ǋΑǋǷȗ ǯǡǷǋǶƲȗǡǁ ȊȍǽȊǋȍȗǡǋȐल UǴ͖Ȧ࢈ Xǡ͏࢈ �ळ ळࣃࣁࣁࣃ࣊ࣁॠ࣊ॡऴࣈࣉ लࣄࣂࣁࣃ

।ࣇࣅࣂ॥ �b=�[ UΘȗǞǡƲ ࣉ ȗȚǷǋȐ ȗǽ ࣈ bǋq ǇƲȗƲल bǋǁǞǷǡǁƲǱ ȍǋȊǽȍȗळ ��XCळ
%ǋǷǋΑƲळ CǽΑ लࣅࣂࣁࣃ �ǱǱ ϮǘȚȍǋȐ ǡǷǁǱȚǇǡǷǘ ƲȚΗǡǱǡƲȍΘ ϮǘȚȍǋȐ Ʋȍǋ ƲΑƲǡǱƲǀǱǋ Ʋȗ
ǞȗȗȊȐऴूूƲȗǱƲȐलΒǋǀलǁǋȍǷलǁǞ �ूȗǱƲȐू%XHeU[ूU,y[/�[ूUe�CHb�[ �ूb=ॺU,y[ॺ
Ue�ॺࣅࣂࣁࣃॺࣂࣃࣁल

।ࣈࣅࣂ॥ [ȗȚǇΘ ǽǗ ȗǽȊॺȌȚƲȍǯ ȊƲǡȍ ǶǽǇǋǱǱǡǷǘ ƲǷǇ ȚǷǁǋȍȗƲǡǷȗǡǋȐ ȚȐǡǷǘ �b=�[ǶǋƲȐȚȍǋǶǋǷȗȐ Ʋȗ
√
s਱ࣄࣂ

bǋqल लࣁࣃࣁࣃ

।ࣉࣅࣂ॥ BǽȍƲǇ �ƲǀǽȚǇ ǋȗ ƲǱल [ǋƲȍǁǞ Ǘǽȍ ȗǞǋ ȐȗƲǷǇƲȍǇ ǶǽǇǋǱ ,ǡǘǘȐ ǀǽȐǽǷ ȊȍǽǇȚǁǋǇ ǡǷ ƲȐȐǽǁǡƲȗǡǽǷ
ΒǡȗǞ ȗǽȊ ȌȚƲȍǯȐ ƲǷǇ ǇǋǁƲΘǡǷǘ ǡǷȗǽ Ʋ bb̄ ȊƲǡȍ ǡǷ pp ǁǽǱǱǡȐǡǽǷȐ Ʋȗ

√
s ਱ ࣄࣂ bǋq ΒǡȗǞ ȗǞǋ �b=�[

Ǉǋȗǋǁȗǽȍल UǴ͖Ȧ࢈ Xǡ͏࢈ �ळ ळࣇࣂࣁࣃࣈࣁॡऴࣈॠࣈ࣊ लࣉࣂࣁࣃ

।࣊ࣅࣂ॥ %ǋǽȍǘǋȐ �ƲǇ ǋȗ ƲǱल BǋƲȐȚȍǋǶǋǷȗ ǽǗ ȗǞǋ ȗtȗt ȊȍǽǇȚǁȗǡǽǷ ǁȍǽȐȐ ȐǋǁȗǡǽǷ ǡǷ pp ǁǽǱǱǡȐǡǽǷȐ Ʋȗ
√
s ਱

ࣄࣂ bǋq ΒǡȗǞ ȗǞǋ �b=�[ Ǉǋȗǋǁȗǽȍल :,�Uळ ळࣉࣂࣂऴࣂࣂ लࣂࣃࣁࣃ

।ࣁࣆࣂ॥ �ȐȗǡǶƲȗǡǽǷ ǽǗ ǷǽǷॺȊȍǽǶȊȗ ƲǷǇ ǗƲǯǋ ǱǋȊȗǽǷ ǀƲǁǯǘȍǽȚǷǇȐ ǡǷ ϮǷƲǱ ȐȗƲȗǋȐ ΒǡȗǞ ȗǽȊ ȌȚƲȍǯȐ Ȋȍǽॺ
ǇȚǁǋǇ ǡǷ ȊȍǽȗǽǷॺȊȍǽȗǽǷ ǁǽǱǱǡȐǡǽǷȐ Ʋȗ ृȐȌȍȗȐ਱ࣉਹbǋq ΒǡȗǞ ȗǞǋ �b=�[ Ǉǋȗǋǁȗǽȍल ࣁࣂ लࣅࣂࣁࣃ

।ࣂࣆࣂ॥ XȚȐȗǋǶHȐȊƲǷǽΑल UǱǡǶȊȍǽΑǋǇΒȊȐ ȗΒǡǯǡल %11-0ǥȇȇ14&(&ǣ "/+ǣ %ȇ14&(&ȇ�&+ȇ3&"4ȇ
�1)�0�/,1" 1"!ȇ���*-/,3"!��0ल �ǁǁǋȐȐǋǇऴ लࣂࣂॺࣅࣁॺࣃࣃࣁࣃ

।ࣃࣆࣂ॥ <ǋǡȐȚǯǋ yǽȐǞǡǞƲȍƲळ BǡǁǞƲǋǱƲ WȚǋǡȗȐǁǞॺǶƲǡȗǱƲǷǇळ bǽǶǽǞǡȍǽ yƲǶƲΝƲǯǡळ �ƲΑǡǇBǡǁǞƲǋǱ
,ƲǷǇǱळ :ǋƲǷǷǡǷǋsƲǘǷǋȍॺǯȚǞȍळ ~ȚǱǡȗ UƲǽǱƲ �ȍȍȚǀƲȍȍǋǷƲ bƲǶǋळ :ǽΑƲǷBǡȗȍǋΑȐǯǡळ �ǞȍǡȐȗǽȊǞǋ
�ǱǋǶǋǷȗळ �ǱǋΗ <ƲȐȗƲǷƲȐळ UƲȗȍƲΒƲǷ UƲȐȚΒƲǷळ [ȗǋϮǽ yǽȐȐǋ �ǷǇȍǋƲǷळ :ȚǱǡƲǷsǽǱǱȍƲȗǞळ $ȍǋǇǋȍǡǯ

ࣆࣄࣃ

https://twiki.cern.ch/twiki/bin/view/AtlasProtected/PLImprovedWPs
https://twiki.cern.ch/twiki/bin/view/AtlasProtected/PLImprovedWPs


XȚǋǞȍळ [ƲȍƲ <ȍǡȐȗǡǷƲ [ȗȍƲǷǇǀǋȍǘळ <ȍǡȐΝȗǡƲǷ UǋȗǋȍȐळ :ǽǋ <ȍǽǱǱळ �ǱƲǡȍǋ BƲǱǽǷǋळ �ǞȍǡȐȗǡǷƲ Uǽȗॺ
ȗǋȍळ =ƲȚȍƲ UǋȍǋǡȍƲ [ƲǷǁǞǋΝळ =ƲȚȍƲ �ƲȍȍƲǷǁǽ CƲΑƲȍȍǽळ ƲǷǇ �ǱǋΗƲǷǇǋȍ BƲǷǷल [ǋƲȍǁǞ Ǘǽȍ ǷǋΒ
ȊǞǋǷǽǶǋǷƲ ΒǡȗǞ ȗǽȊ ȌȚƲȍǯ ȊƲǡȍȐ ǡǷ ϮǷƲǱ ȐȗƲȗǋȐ ΒǡȗǞ ǽǷǋ ǱǋȊȗǽǷळ ǬǋȗȐळ ƲǷǇ ǶǡȐȐǡǷǘ ȗȍƲǷȐΑǋȍȐǋ
ǶǽǶǋǷȗȚǶ ȚȐǡǷǘ 140 fb−1 ǽǗ

√
s = 13 TeV ǇƲȗƲ ΒǡȗǞ �b=�[ल bǋǁǞǷǡǁƲǱ ȍǋȊǽȍȗळ ��XCळ

%ǋǷǋΑƲळ Hǁȗ ल࣊ࣂࣁࣃ

।ࣄࣆࣂ॥ %ǡǽΑƲǷǷǡ BƲȍǁǞǡǽȍǡ ǋȗ ƲǱल �ǱǋǁȗȍǽǷ ƲǷǇ ȊǞǽȗǽǷ ȐǋǱǋǁȗǡǽǷ ƲǷǇ ǡǇǋǷȗǡϮǁƲȗǡǽǷ Ǘǽȍ ȍȚǷ लࣃ %11-0ǥ
ȇȇ14&(&ǣ "/+ǣ %ȇ14&(&ȇ�&+ȇ3&"4ȇ�1)�0�/,1" 1"!ȇ�
�**��!"+1&#& �1&,+�2+Ǒल
�ǁǁǋȐȐǋǇऴ लࣂࣂॺࣅࣁॺࣃࣃࣁࣃ

।ࣅࣆࣂ॥ %ǋǽȍǘǋȐ �ƲǇ ǋȗ ƲǱल BǋƲȐȚȍǋǶǋǷȗ ǽǗ ȗǞǋ tt̄ ȊȍǽǇȚǁȗǡǽǷ ǁȍǽȐȐॺȐǋǁȗǡǽǷ ƲǷǇ ǱǋȊȗǽǷ ǇǡϥǋȍǋǷȗǡƲǱ
ǇǡȐȗȍǡǀȚȗǡǽǷȐ ǡǷ eµ ǇǡǱǋȊȗǽǷ ǋΑǋǷȗȐ ǗȍǽǶ pp ǁǽǱǱǡȐǡǽǷȐ Ʋȗ

√
s = 13bǋq ΒǡȗǞ ȗǞǋ �b=�[

Ǉǋȗǋǁȗǽȍल �Ȱȣ࢈ UǴ͖Ȧ࢈ ࢈: �ळ ळࣉࣃࣆॡऴࣇॠࣁࣉ लࣁࣃࣁࣃ

।ࣆࣆࣂ॥ [ȗǋǗƲǷǽ ~ƲǶǀǡȗǽल BǁȊ ƲǷƲǱΘȐǡȐ ǘȚǡǇǋǱǡǷǋȐ Ƕǁࣇࣂल %11-0ǥȇȇ14&(&ǣ "/+ǣ %ȇ14&(&ȇ�&+ȇ
3&"4ȇ�1)�0�/,1" 1"!ȇ����+�)60&0
2&!")&+"0��ǐǕȗ��1"01Ȁ/" ,**"+!�1&,+0Ȁ

#,/Ȁ�")"�ल �ǁǁǋȐȐǋǇऴ लࣄࣂॺࣅࣁॺࣃࣃࣁࣃ

।ࣇࣆࣂ॥ �ȐǶƲ ,ƲǇǋǗ ǋȗ ƲǱल =ƲȗǋȐȗ ȍȚǷ ࣃ ǋǱǋǁȗȍǽǷ ȍǋǁǽǶǶǋǷǇƲȗǡǽǷȐल %11-0ǥȇȇ14&(&ǣ "/+ǣ %ȇ
14&(&ȇ�&+ȇ3&"4ȇ�1)�0�/,1" 1"!ȇ��1"01�" ,**"+!�1&,+0�)" 1/,+���2+Ǒल �ǁॺ
ǁǋȐȐǋǇऴ लࣄࣂॺࣅࣁॺࣃࣃࣁࣃ

।ࣈࣆࣂ॥ [ȗǋΑǋǷ [ǁǞȍƲǶǶ ǋȗ ƲǱल [ǶƲǱǱॺȍ Ǭǋȗ ǋǷǋȍǘΘ ȐǁƲǱǋ ƲǷǇ Ǭǋȗ ǋǷǋȍǘΘ ȍǋȐǽǱȚȗǡǽǷ ȚǷǁǋȍȗƲǡǷȗǡǋȐ
Ǘǽȍ ȍȚǷ ࣃ ƲǷƲǱΘȐǋȐल %11-0ǥȇȇ14&(&ǣ "/+ǣ %ȇ14&(&ȇ�&+ȇ3&"4ȇ�1)�0�/,1" 1"!ȇ


"1�+ "/1�&+1&"0�")Ǒǐ�2**"/ǑǏǐǗ�*�))�ल �ǁǁǋȐȐǋǇऴ लࣄࣂॺࣅࣁॺࣃࣃࣁࣃ

।ࣉࣆࣂ॥ BǽȍƲǇ �ƲǀǽȚǇ ǋȗ ƲǱल =ȚǶǡǷǽȐǡȗΘ ǇǋȗǋȍǶǡǷƲȗǡǽǷ ǡǷ ȊȊ ǁǽǱǱǡȐǡǽǷȐ Ʋȗ
√
s ਱ ࣉ bǋq ȚȐǡǷǘ ȗǞǋ

�b=�[ Ǉǋȗǋǁȗǽȍ Ʋȗ ȗǞǋ =,�ल �Ȱȣ࢈ UǴ͖Ȧ࢈ ࢈: �ळ ळࣄࣆࣇॡऴࣃࣂॠࣇࣈ लࣇࣂࣁࣃ

।࣊ࣆࣂ॥ �ȐǶƲ ,ƲǇǋǗ ǋȗ ƲǱल UǶǘ ȐΘȐȗǋǶƲȗǡǁ ȚǷǁǋȍȗƲǡǷȗΘ ȍǋǁǡȊǋȐल %11-0ǥȇȇ14&(&ǣ "/+ǣ %ȇ14&(&ȇ
�&+ȇ3&"4�21%ȇ�1)�0�/,1" 1"!ȇ�*$�601"*�1& �+ "/1�&+16�" &-"0ल �ǁǁǋȐȐǋǇऴ
लࣄࣂॺࣅࣁॺࣃࣃࣁࣃ

।ࣁࣇࣂ॥ %ल �ǽΒƲǷल [ȭǈȭǷȦȭǷǗǈȇ ǝǈȭǈ ǈȍǈȇ͖ȦǷȦल लࣉ࣊࣊ࣂ

।ࣂࣇࣂ॥ <ΘǱǋ �ȍƲǷǶǋȍल UȍƲǁȗǡǁƲǱ [ȗƲȗǡȐȗǡǁȐ Ǘǽȍ ȗǞǋ =,�ल /Ƿ ࠭ࠫࠬࠬ �ȰȣȓȠǡǈȍ [ǗǴȓȓȇ ȓǭ ,ǷǮǴ࣊�ȍǡȣǮ͖
UǴ͖ȦǷǗȦळ ȊƲǘǋȐ ळࣉࣁࣄॼࣈࣇࣃ लࣅࣂࣁࣃ

।ࣃࣇࣂ॥ Xǽǘǋȍ :ल �ƲȍǱǽΒ ƲǷǇ �ǞȍǡȐȗǡǷǋ �ǋǋȐȗǽǷल $ǡȗȗǡǷǘ ȚȐǡǷǘ ϮǷǡȗǋ BǽǷȗǋ �ƲȍǱǽ ȐƲǶȊǱǋȐल �ȓȌȠȰȭ࢈
UǴ͖Ȧ࢈ �ȓȌȌȰȍ࢈ळ ळࣉࣃࣃॼ࣊ࣂࣃऴࣈࣈ लࣄ࣊࣊ࣂ

ࣇࣄࣃ

https://twiki.cern.ch/twiki/bin/view/AtlasProtected/EGammaIdentificationRun2
https://twiki.cern.ch/twiki/bin/view/AtlasProtected/EGammaIdentificationRun2
%20https://twiki.cern.ch/twiki/bin/view/AtlasProtected/MCPAnalysisGuidelinesMC16#Latest_recommendations_for_Relea
%20https://twiki.cern.ch/twiki/bin/view/AtlasProtected/MCPAnalysisGuidelinesMC16#Latest_recommendations_for_Relea
%20https://twiki.cern.ch/twiki/bin/view/AtlasProtected/MCPAnalysisGuidelinesMC16#Latest_recommendations_for_Relea
https://twiki.cern.ch/twiki/bin/view/AtlasProtected/LatestRecommendationsElectronIDRun2
https://twiki.cern.ch/twiki/bin/view/AtlasProtected/LatestRecommendationsElectronIDRun2
https://twiki.cern.ch/twiki/bin/view/AtlasProtected/JetUncertaintiesRel21Summer2018SmallR
https://twiki.cern.ch/twiki/bin/view/AtlasProtected/JetUncertaintiesRel21Summer2018SmallR
https://twiki.cern.ch/twiki/bin/viewauth/AtlasProtected/PmgSystematicUncertaintyRecipes
https://twiki.cern.ch/twiki/bin/viewauth/AtlasProtected/PmgSystematicUncertaintyRecipes


।ࣄࣇࣂ॥ sǽȚȗǋȍ qǋȍǯǋȍǯǋ ƲǷǇ �ƲΑǡǇ Uल <ǡȍǯǀΘल bǞǋ Xǽǽ$ǡȗ ȗǽǽǱǯǡȗ Ǘǽȍ ǇƲȗƲ ǶǽǇǋǱǡǷǘल ǡ�ȓȍǭळ
ळࣈࣁࣁऴBH=bࣂࣅࣃࣄࣁࣄࣁ� लࣄࣁࣁࣃ

।ࣅࣇࣂ॥ $ल :ƲǶǋȐल B/Ce/b $ȚǷǁȗǡǽǷBǡǷǡǶǡΝƲȗǡǽǷ ƲǷǇ �ȍȍǽȍ �ǷƲǱΘȐǡȐऴ XǋǗǋȍǋǷǁǋ BƲǷȚƲǱ qǋȍȐǡǽǷ
लࣂलࣅ࣊ लࣅ࣊࣊ࣂ

।ࣆࣇࣂ॥ �ǱǋΗƲǷǇǋȍ ,ǋǱǇ bǽǶƲȐ �ƲǇǽBǡǁǞǋǱǋ UǡǷƲǶǽǷȗǡळ =ǽǡǁ qƲǱǋȍΘल bX�ӽ$ҲӪӪҟӟल %11-0ǥ

ȇȇ$&1)��ǣ "/+ǣ %ȇ���5�1�10ȇ���5	&11"/ल

।ࣇࣇࣂ॥ qǽǱǯǋȍ �ǱǽǀǋǱल eǷǗǽǱǇǡǷǘBǋȗǞǽǇȐ ǡǷ UƲȍȗǡǁǱǋ UǞΘȐǡǁȐल /Ƿ U,y[b�b ࠭ࠫࠬࠬळ ȊƲǘǋȐ ळࣂࣆࣃॼࣁࣅࣃ
%ǋǷǋΑƲळ लࣂࣂࣁࣃ ��XCल

।ࣈࣇࣂ॥ $ȍƲǷǁǋȐǁǽ [ȊƲǷǽल eǷǗǽǱǇǡǷǘ ǡǷ ȊƲȍȗǡǁǱǋ ȊǞΘȐǡǁȐऴ Ʋ ΒǡǷǇǽΒ ǽǷ ȐǽǱΑǡǷǘ ǡǷΑǋȍȐǋ ȊȍǽǀǱǋǶȐल �U:
sǡǖ �ȓȍǭ࢈ळ ळࣃࣁࣁࣄࣁऴࣆࣆ लࣄࣂࣁࣃ

।ࣉࣇࣂ॥ %ǋǽȍǘǡǽȐ �ǞǽȚǇƲǱƲǯǡȐल eǷǗǽǱǇǡǷǘ ǡǷ �b=�[ल /Ƿ U,y[b�b ࠭ࠫࠬࠬळ ȊƲǘǋȐ ळࣉࣁࣄॼࣈ࣊ࣃ %ǋǷǋΑƲळ
लࣂࣂࣁࣃ ��XCल

।࣊ࣇࣂ॥ �ǷǇǋȍȐ �ǷǇȍǋƲȐȐǋǷळ UƲȗȍǡǁǯ bल <ǽǶǡȐǯǋळ �ȍǡǁ Bल BǋȗǽǇǡǋΑळ �ǋǷǬƲǶǡǷ CƲǁǞǶƲǷळ ƲǷǇ :ǋȐȐǋ
bǞƲǱǋȍल HǶǷǡ$ǽǱǇऴ �BǋȗǞǽǇ ȗǽ [ǡǶȚǱȗƲǷǋǽȚȐǱΘ eǷǗǽǱǇ �ǱǱ HǀȐǋȍΑƲǀǱǋȐल UǴ͖Ȧ࢈ Xǡ͏࢈ =ǡȭȭ࢈ळ
ळࣂࣁࣁࣃࣉࣂॡऴࣉࣂॠࣅࣃࣂ लࣁࣃࣁࣃ

।ࣁࣈࣂ॥ <ǋȍȐȗǡǷ bƲǁǯǶƲǷǷ ƲǷǇ �ǷǇȍǋƲȐ ,ǽǋǁǯǋȍल [q�ॺǀƲȐǋǇ ȚǷǗǽǱǇǡǷǘऴ ǡǶȊǱǋǶǋǷȗƲȗǡǽǷ ƲǷǇ ǋΗȊǋȍǡॺ
ǋǷǁǋल /Ƿ U,y[b�b ࠭ࠫࠬࠬळ ȊƲǘǋȐ ळ࣊ࣈࣃॼࣇࣈࣃ %ǋǷǋΑƲळ लࣂࣂࣁࣃ ��XCल

।ࣂࣈࣂ॥ %ल �ƲǇ ǋȗ ƲǱल BǋƲȐȚȍǋǶǋǷȗ ǽǗ /ǷǁǱȚȐǡΑǋ :ǋȗ ƲǷǇ �ǡǬǋȗ �ȍǽȐȐ [ǋǁȗǡǽǷȐ ǡǷ UȍǽȗǽǷॺUȍǽȗǽǷ �ǽǱॺ
ǱǡȐǡǽǷȐ Ʋȗ ࣈ bǋq �ǋǷȗȍǋॺǽǗॺBƲȐȐ �ǷǋȍǘΘ ΒǡȗǞ ȗǞǋ �b=�[ �ǋȗǋǁȗǽȍल �Ȱȣ࢈ UǴ͖Ȧ࢈ ࢈: �ळ ळࣃࣂࣆࣂऴࣂࣈ
लࣂࣂࣁࣃ

।ࣃࣈࣂ॥ %ल �ƲǇ ǋȗ ƲǱल BǋƲȐȚȍǋǶǋǷȗ ǽǗ ȗǞǋ ǡǷǁǱȚȐǡΑǋ ǡȐǽǱƲȗǋǇ ȊȍǽǶȊȗ ȊǞǽȗǽǷ ǁȍǽȐȐ ȐǋǁȗǡǽǷ ǡǷ pp ǁǽǱǱǡॺ
ȐǡǽǷȐ Ʋȗ

√
s = 7bǋq ΒǡȗǞ ȗǞǋ �b=�[ Ǉǋȗǋǁȗǽȍल UǴ͖Ȧ࢈ Xǡ͏࢈ �ळ ळࣆࣁࣁࣃࣆࣁऴࣄࣉ लࣂࣂࣁࣃ

।ࣄࣈࣂ॥ %ल �ƲǇ ǋȗ ƲǱल [ȗȚǇΘ ǽǗ :ǋȗ [ǞƲȊǋȐ ǡǷ /ǷǁǱȚȐǡΑǋ :ǋȗ UȍǽǇȚǁȗǡǽǷ ǡǷ pp�ǽǱǱǡȐǡǽǷȐ Ʋȗ
√
s = 7bǋq

ȚȐǡǷǘ ȗǞǋ �b=�[ �ǋȗǋǁȗǽȍल UǴ͖Ȧ࢈ Xǡ͏࢈ �ळ ळࣄࣁࣁࣃࣆࣁऴࣄࣉ लࣂࣂࣁࣃ

।ࣅࣈࣂ॥ %ǋǽȍǘǋȐ �ƲǇ ǋȗ ƲǱल BǋƲȐȚȍǋǶǋǷȗ ǽǗ ȗǞǋ ȊȍǽǇȚǁȗǡǽǷ ǁȍǽȐȐ ȐǋǁȗǡǽǷ Ǘǽȍ sॺǀǽȐǽǷȐ ǡǷ ƲȐȐǽǁǡƲȗǡǽǷ
ΒǡȗǞ ǬǋȗȐ ǡǷ pp ǁǽǱǱǡȐǡǽǷȐ Ʋȗ

√
s = 7bǋq ΒǡȗǞ ȗǞǋ �b=�[ Ǉǋȗǋǁȗǽȍल UǴ͖Ȧ࢈ =ǡȭȭ࢈ �ळ ॼࣆࣃࣄऴࣉ࣊ࣇ

ळࣆࣅࣄ लࣂࣂࣁࣃ

।ࣆࣈࣂ॥ %ल �ঌ�ǘǽȐȗǡǷǡल /ǶȊȍǽΑǋǇ ǡȗǋȍƲȗǡΑǋ �ƲΘǋȐǡƲǷ ȚǷǗǽǱǇǡǷǘल /Ƿ �ȇȇǷǈȍǗǡsȓȣȅȦǴȓȠ ȓȍ eȍǭȓȇǝǷȍǮ
ǈȍǝ �ǈȭǈ �ȓȣȣǡǗȭǷȓȍळ ࣁࣂ लࣁࣂࣁࣃ

ࣈࣄࣃ

https://gitlab.cern.ch/TRExStats/TRExFitter
https://gitlab.cern.ch/TRExStats/TRExFitter


।ࣇࣈࣂ॥ %ǋǽȍǘǋȐ �ƲǇ ǋȗ ƲǱल BǋƲȐȚȍǋǶǋǷȗȐ ǽǗ ǇǡϥǋȍǋǷȗǡƲǱ ǁȍǽȐȐॺȐǋǁȗǡǽǷȐ ǡǷ ǗǽȚȍॺǱǋȊȗǽǷ ǋΑǋǷȗȐ ǡǷ ࣄࣂ
bǋq ȊȍǽȗǽǷॺȊȍǽȗǽǷ ǁǽǱǱǡȐǡǽǷȐ ΒǡȗǞ ȗǞǋ �b=�[ Ǉǋȗǋǁȗǽȍल :,�Uळ ळࣆࣁࣁऴࣈࣁ लࣂࣃࣁࣃ

।ࣈࣈࣂ॥ %ǋǽȍǘǋȐ �ƲǇ ǋȗ ƲǱल �ǡϥǋȍǋǷȗǡƲǱ ǁȍǽȐȐॺȐǋǁȗǡǽǷ ǶǋƲȐȚȍǋǶǋǷȗȐ Ǘǽȍ ȗǞǋ ǋǱǋǁȗȍǽΒǋƲǯ ȊȍǽǇȚǁȗǡǽǷ ǽǗ
ǇǡǬǋȗȐ ǡǷ ƲȐȐǽǁǡƲȗǡǽǷ ΒǡȗǞ ƲZ ǀǽȐǽǷ ǡǷ ȊȍǽȗǽǷॼȊȍǽȗǽǷ ǁǽǱǱǡȐǡǽǷȐ Ʋȗ �b=�[ल �Ȱȣ࢈ UǴ͖Ȧ࢈ ࢈: �ळ
ळࣄࣇࣂॡऴࣃॠࣂࣉ लࣂࣃࣁࣃ

।ࣉࣈࣂ॥ XȚǡ ~ǞƲǷǘल BǋƲȐȚȍǋǶǋǷȗ ǽǗ ȗs ǇǡϥǋȍǋǷȗǡƲǱ ǁȍǽȐȐॺȐǋǁȗǡǽǷȐ ΒǡȗǞ �b=�[ Ʋȗ ࣄࣂ bǋqल /Ƿ ࠬࠫȭǴ
/ȍȭǡȣȍǈȭǷȓȍǈȇsȓȣȅȦǴȓȠ ȓȍ bȓȠ WȰǈȣȅ UǴ͖ȦǷǗȦळ ࣊ लࣉࣂࣁࣃ

।࣊ࣈࣂ॥ UƲȚǱ :ƲǁǯȐǽǷ ƲǷǇ �ǞȍǡȐȗǽȊǞǋȍ XǽǘƲǷल XǋǁȚȍȐǡΑǋ :ǡǘȐƲΒ XǋǁǽǷȐȗȍȚǁȗǡǽǷऴ ,�U ǋΑǋǷȗ ƲǷƲǱΘȐǡȐ
ǡǷ ȗǞǋ ȊȍǋȐǋǷǁǋ ǽǗ ǯǡǷǋǶƲȗǡǁ ƲǷǇ ǁǽǶǀǡǷƲȗǽȍǡǁ ƲǶǀǡǘȚǡȗǡǋȐल UǴ͖Ȧ࢈ Xǡ͏࢈ �ळ ळࣈࣁࣁࣃࣂࣂॡऴࣂࣂॠࣇ࣊
लࣈࣂࣁࣃ

ࣉࣄࣃ
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