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˸Όͦͤͤ͊Ύ ͎͊͊͒͊͘͟

ᾀ
ÌÎὔ ÌÎὔ

ȟ

ÌÎὔ ȟ ÌÎὔ
ȟ

ˮ͘ ͒ͦ͊͒͊͟͡ J. C. Arteaga, ISVHECRI-2024, ͟ ͙͙͍ͦͣ͋ͤͪͦ͊ͤͤ·͚ ͙͊ͤ͊͘͡ ͎ͪͯͨͨ· WHISP

Å˽͔ͦͫ͡ ͪͦͫͫ͟-͙͍͙͊͋ͪͦ͟͟͡ Ή͔͎͔͙ͤͪͭ;͔͚ͫͦ͟ ΄͊͟͡·

͊ ͔͋͘ ͪͦͫͫ͟-͙͍͙͊͋ͪͦ͟͟͡
Ή͔͎͔͙ͤͪͭ;͔͎ͫͦͦ͟ ͔ͫͨͭͪ͊͟

Ὁ [Ή]ʕ Ὁ [Ή]ʕ Ὁ [Ή]ʕ Ὁ [Ή]ʕ

ˮ͋͘·ͭͦͣ͟Ό͍ͦͤͦͨͪὉ͙ ρπ ͯ ͚ͫͭͦ;͙͍ ͟ ͍·͋ͦͪͯ 
͔͙ͣͦ͒͡ ͊͒ͪͦͤͤ·ͻ ͍͙͔͚͍͙͚͊ͣͦ͒ͫͭ͘ ͙ ͤ͊͋͡Ό͔͒͊ͭͫΎ ͍ 
͋ͦ͡Έ΄͙͍͔ͤͫͭ Ή͔͙͔͍ͫͨͪͣͤͭͦ͟
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˾͔͎͙ͫͭͪ͊ͼ͙Ύ ̏̅˴ ͙ ˸˴ ̊ˢ˶
͔̏ͭͪͦͤ͟͡-ͺͦͭͦͤͤ͊Ύ ͔ͦͣͨͦͤͤͭ͊͟

* ˭͍͙͙͊ͫͭ ͦͭ ͔͙ͣͦ͒͡ ͊͒ͪͦͤͤ·ͻ ͍͙͔͚͍͙͚͊ͣͦ͒ͫͭ͘!

* ˹͔ͺ͙͙͘;͔͙͚ͫ͟ ͍͚ͭͦͪͦ ͔ͣͦͣͤͭ ͒͡Ύ ͔͙ͣͦ͒͡ QGSJET-II-04
** SIBYLL2.1 ͙  EPOS LHC ͔ͤ  ͍͔͍ͫͦͦͭͭͫͭͯΌͭ ͙͔͔͙ͣͪͤ͘Ύͣ ͫ 
ͣΌ͙ͦͤ͊ͣ

͔͙͔̏ͫͨͪͣͤͭ͟
˿͎͙͔ͦ͊ͫ͡ ͫ 
ͪ͊ͫ;͔͙ͭ͊ͣ

˿͔;͔͙ͤΎ ͨͪͦͭͦͤ-͍ͦ͒ͯ͘ͻ (PAO, TA) +

̅ͦͪͣ͊ ͨͪ ͦ͒ͦ͡Έ͎ͤͦͦͨͪ ͦͺ͙͡Ύ +*

˸͔ͦͣͤͭ· ͪ ͔͔͔͙͊ͫͨͪ͒ͤ͡Ύ ͨͦ 
ὢ  (PAO) +
̅ͯͤ͟ͼ͙Ύ ͍͔͎ͨͪͦͫͭͪ͊ͤͫͭͤͤͦͦ 
͔͔͔͙ͪ͊ͫͨͪ͒ͤ͡Ύ(IceCube) +/ -**

̅ͯͤ͟ͼ͙Ύ ͍͔͎ͨͪͦͫͭͪ͊ͤͫͭͤͤͦͦ 
͔͔͔͙ͪ͊ͫͨͪ͒ͤ͡Ύ ό˴˻ˤ˩˾Σ ARGO, 
˹˩ˤ˻˨-̊ˢ˶Σ ˿˴́ ˹˩ˤ˻˨ύ

+

˻͔͙͔ͫ͊͋ͤ͡͡ ͫ ͔͙ͤͭͤ͘·ͣ ͎ͯͦͣ͡
(TA, KASCADE-Grande) +

˸Όͦͤͤ͊Ύ ͔ͦͣͨͦͤͤͭ͊͟

* ˻ͭͤͦͫ.͙͋͘·ͭͦ͟ ͻͦͪͦ΄ͦ ͙ͦͨͫ·͍͔͊ͭͫΎ QGSJET-II-04
** ͙̉͊ͫͭ;͔ͤͦ ͎͙͔ͫͦ͊ͫ͡ ͭͦ͡Έͦ͟ ͒͡Ύ SIBYLL2.1

͔͙͔̏ͫͨͪͣͤͭ͟
˿͎͙͔ͦ͊ͫ͡ ͫ 
ͪ͊ͫ;͔͙ͭ͊ͣ

͙̉ͫͦ͡ ͣΌ͍ͦͤͦ ͙ ̅˽˾ 
(˴ͦ͊͋͡͡. WHISP) -

ˤ·ͫͦͭ͊ ό͎͙ͯ͋ͤ͊͡ύ ͍͙ͦ͋ͪ͊ͦ͊ͤ͘Ύ
(PAO, KASCADE-Grande) -/+

˻͔͙͔ͫ͊͋ͤ͡͡ ͫ ͔͙ͤͭͤ͘·ͣ ͎ͯͦͣ͡
(KASCADE-Grande) -

˸͔͍͔ͤͦ͗ͫͭͤͤͦͫͭΈ ͣΌ͍ͦͤͦ ͍ 
͎ͪͯͨͨ͊ͻ (ALICE, ˨ ˩˴˻˾) -*

˿͔ͪ͒ͤΎΎ Ή͔͎͙ͤͪΎ ͣΌ͍ͦͤͦ ͍ ͎ͪͯͨͨ͊ͻ
(˹˩ˤ˻˨-˨˩˴˻˾) -

̅ͯͭͯ͊͟͡ͼ͙͙ ;͙ͫ͊͡ ͣΌ͍ͦͤͦ ̊ˢ˶ 
(PAO) +

˽͔͔ͦͨͪ;͔ͤͦ ͔͔͙͔ͪ͊͒ͤ́͘͡Ήˤ-ͤ·ͻ
ͣΌ͍ͦͤͦ (IceCube) -**

ˤ͔ͪͣΎ ͙ͤ͊ͪ͊ͫͭ͊ͤΎ ͺͪͦͤͭ͊ ̊ˢ˶ 
(PAO) -
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Å˽͙ͪ ͔͙ͨͪͺ͔͙͚ͪͤ·ͻ 
͍͔͙ͫͭͦͤͦͤ͟͡Ύͻ Ύ͔͒ͪ 
͔ͦ͋ͪ͊ͯͭͫ͘Ύ ͋ͦ͡Έ΄͚ͦ 
͙ͦͪ͋ͭ͊͡Έͤ·͚ ͎͍͚ͯͦͦ͡ 
͔ͣͦͣͤͭ ͍ͤͯͦͤͦ͟͡-
ͯ;͙͍͊ͫͭͤͦ͟

ü͔̅͊ͪ͋ͦ͡͡˴˥˽ 
͎ͦ͋͊͡͡Έͤͦ-ͨͦ͡Ύ͙͍ͪͦ͊ͤ͘ 

˾͊ͫ;͔ͭ ͍ ͪ͊ͣ͊͟ͻ ͔͙ͣͦ͒͡ 
ζ͍͔͔ͨͦͪ͗͒ͤͤ·ͻη ͍ͤͯͦͤͦ͟͡ ͙ͨͪ 
Ή͔͎͙ͤͪΎͻ RHIC

ὒ ὴ ὼÄὼ
Äὔ

Äὼ

Äὔ

Äὼ
ȟ

Äὔ

Äὼ
ÄώÄᾀ”ȟ ὼȟώȟᾀȟὦ

͔͔̇ͤͭͪͦ͋͗ͤ·͚ ͋͊ͪΈ͔ͪ ͒͡Ύ 
͍·͔ͭ͊͡ ;͙͊ͫͭͼ

ὠ̗ ̂

ὒὒ ρ

ςάὙ
ȟ

͎͔͒ Ὑςͻ͔͊ͪ͊ͭͪͤ͟·͚ ͔ͪ͊ͣͪ͘ 
ͺ͔͊ͪ͋ͦ͊͡͡

DOI: 10.1103/PhysRevLett.94.102301

DOI: 10.1016/j.nima.2013.12.011
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˴˥˽ ͫ ͍·͙ͫͦͣ͟ ͎͍ͯͦ͡·ͣ ͔ͣͦͣͤͭͦͣ



͔͔̇ͤͭͪͦ͋͗ͤ·͚ ͋͊ͪΈ͔ͪ ͒͡Ύ ͍·͔ͭ͊͡ ;͙͊ͫͭͼ

ὠ̗ ̂

ὒὒ ρ

ςάὙ

Åˤ͔͙͡;͙ͤ͊ ͋͊ͪΈ͔ͪ͊ ͍͔͙͊͟͡ ͒͡Ύ ͔͎͙͟͡ͻ 
;͙͊ͫͭͼ

ü˾͔͙͔ͦ͗͒ͤ ͙͍ͨͦͤͦ ͍͔ͨͦ͒͊ͤͦ͡

üˤ·ͻͦ͒ ͭΎ͔͗͡·ͻ ;͙͊ͫͭͼ ͍͔͙ͯ͡;͔ͤ

˽͔͔ͪ͒͡Έͤ·͚ ͫͯ͡;͚͊Υ
͔͙͔ͪͦ͗͒ͤ ὸӶὸ-ͨ͊ͪ

üˮ͔ͣͤ͘Ύ͔ͭ VHE-ͻ͍ͦͫͭ ͔͔͔͙ͪ͊ͫͨͪ͒ͤ͡Ύ 
ͣΌ͍ͦͤͦ ̊ˢ˶ 

DOI: 10.14311/AP.2013.53.0707
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˴˥˽ ͫ ͍·͙ͫͦͣ͟ ͎͍ͯͦ͡·ͣ ͔ͣͦͣͤͭͦͣ



͔͔̇ͤͭͪͦ͋͗ͤ·͚ ͋͊ͪΈ͔ͪ ͒͡Ύ ͍·͔ͭ͊͡ ;͙͊ͫͭͼ

ὠ̗ ̂

ὒὒ ρ

ςάὙ

Åˤ͔͙͡;͙ͤ͊ ͋͊ͪΈ͔ͪ͊ ͍͔͙͊͟͡ ͒͡Ύ ͔͎͙͟͡ͻ 
;͙͊ͫͭͼ

ü˾͔͙͔ͦ͗͒ͤ ͙͍ͨͦͤͦ ͍͔ͨͦ͒͊ͤͦ͡

üˤ·ͻͦ͒ ͭΎ͔͗͡·ͻ ;͙͊ͫͭͼ ͍͔͙ͯ͡;͔ͤ

˽͔͔ͪ͒͡Έͤ·͚ ͫͯ͡;͚͊Υ
͔͙͔ͪͦ͗͒ͤ ὸӶὸ-ͨ͊ͪ

DOI: 10.14311/AP.2013.53.0707

˾͔͙͙͊ͫͭ͡;ͤ·͚ ͫͼ͔͙͚ͤ͊ͪΥ ͍͔͙ͯ͡;͔ͤͤ·͚ 
͍·ͻͦ͒ K-͔͍ͣͦͤͦ͘Σ ͔ͣͦͤͤ͘·ͻ ͔͍ͪͦͤ͊ͤͫͦ͘

ᾀᴂ
ÌÎὔ ÌÎὔ

ȟ

ÌÎὔ ȟ ÌÎὔ
ȟ

DOI: 10.7868/S3034628225060059
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˴˥˽ ͫ ͍·͙ͫͦͣ͟ ͎͍ͯͦ͡·ͣ ͔ͣͦͣͤͭͦͣ



˸͔ͦ͒͡Έ ͎ͫͭͪ͊ͤͤͦͦ ͺ͔͊ͪ͋ͦ͊͡͡(ͫͭͪΉ͚ͤ͒͗͋ͦ͊͡͡)

Å ˣ͙͊ͪͦͤͤ·͚ ͻ͙͙ͣ;͔͙͚ͫ͟ ͔ͨͦͭͤͼ͙͊͡ 
͙͍͙ͨͪͦ͒ͭ ͟ ͍͔͙ͨͦ͒͊ͤ͡Ό ͍·ͻͦ͒͊ ͨ͊ͪ 
͔͎͙͟͡ͻ ͍͍͊ͪͦ͟͟ ͨͦ ͦͭͤͦ΄͔͙ͤΌ ͟ 
ͫͭͪ͊ͤͤ·ͣ

ὲӶ
ὲ

ά

ςὝ
ὑ
ά

Ὕ
Ὡ Ⱦ

Å ˨͡Ύ ͔͚ͨͦͭͤͦͫͭ͡ Ή͔͎͙͚ͤͪΣ 
͙͙͒ͦͫͭ͗ͣ·ͻ ͍ ͍͔͙ͫͭͦͤͦͤ͟͡Ύͻ Ύ͔͒ͪ 
˴˶˿ˤ̏Σ

▪▼
▪▲

Ȣ

Å ˿ͦͦͭͤͦ΄͔͙͔ͤ ͔ͣͦͤ͘·κ͙͋͊ͪͦͤ·

ὲ

ὲ

σ‖

ς
Ὡ ϳ

‖ χ ͒ ͡Ύ ͍͔͍͙ͫͦͦͭͭͫͭΎ ͒͊ͤͤ·ͣ PAO

DOI: 10.1016/0375-9474(84)90551-7
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˸͔ͦ͒͡Έ ͎ͫͭͪ͊ͤͤͦͦ ͺ͔͊ͪ͋ͦ͊͡͡(ͫͭͪΉ͚ͤ͒͗͋ͦ͊͡͡)

Å ˣ͙͊ͪͦͤͤ·͚ ͻ͙͙ͣ;͔͙͚ͫ͟ ͔ͨͦͭͤͼ͙͊͡ 
͙͍͙ͨͪͦ͒ͭ ͟ ͍͔͙ͨͦ͒͊ͤ͡Ό ͍·ͻͦ͒͊ ͨ͊ͪ 
͔͎͙͟͡ͻ ͍͍͊ͪͦ͟͟ ͨͦ ͦͭͤͦ΄͔͙ͤΌ ͟ 
ͫͭͪ͊ͤͤ·ͣ

ὲӶ
ὲ

ά

ςὝ
ὑ
ά

Ὕ
Ὡ Ⱦ

Å ˨͡Ύ ͔͚ͨͦͭͤͦͫͭ͡ Ή͔͎͙͚ͤͪΣ 
͙͙͒ͦͫͭ͗ͣ·ͻ ͍ ͍͔͙ͫͭͦͤͦͤ͟͡Ύͻ Ύ͔͒ͪ 
˴˶˿ˤ̏Σ

▪▼
▪▲

Ȣ

Å ˿ͦͦͭͤͦ΄͔͙͔ͤ ͔ͣͦͤ͘·κ͙͋͊ͪͦͤ·

ὲ

ὲ

σ‖

ς
Ὡ ϳ

‖ χ ͒ ͡Ύ ͍͔͍͙ͫͦͦͭͭͫͭΎ ͒͊ͤͤ·ͣ PAO

DOI: 10.1016/0375-9474(84)90551-7

üˤ ͊ͅ ͔͔ͪ͋ͦ͡͡˴˥˽ ͙ͫ͡Έͤͦ 
͍͔͙ͯ͡;͔ͤ ͍·ͻͦ͒ ͫͭͪ͊ͤͤ·ͻ 
;͙͊ͫͭͼ

üζ˿ͭͪ͊ͤͤ·͚η ͺ͔͊ͪ͋ͦ͡͡

DOI: 10.1103/PhysRevD.95.063005
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˸͔ͦ͒͡Έ ͎ͫͭͪ͊ͤͤͦͦ ͺ͔͊ͪ͋ͦ͊͡͡(ͫͭͪΉ͚ͤ͒͗͋ͦ͊͡͡)
DOI: 10.10881475-7516202302017

DOI: 10.1103/PhysRevLett.134.211801

ˤ͙͙͔͒ͣͦ ͙͍͔ͨͪͦͭͦͪ;͙͔ Ή͔͙͔ͫͨͪͣͤͭ͊͟͡Έͤ·ͻ 
͒͊ͤͤ·ͻ ͔͔͙ͨͪ͒ͨͦͦ͗ͤ͡Ό ͦ ͙ͫ͡Έͤͦͣ 
͍͔͙ͯ͡;͔͙͙ͤ ͍·ͻͦ͒͊ ͫͭͪ͊ͤͤ·ͻ ;͙͊ͫͭͼ

ˣ͔͔ͦ͡ ͔͔ͪͦ͘͟ ͙͔͔͙͔ͣͤͤ͘ ͺ͙͙͙͘͟ ͔ͤ 
͍͔͍͔ͫͦͦͭͭͫͭͯͭ ͙͋͘·ͭͯ͟ ͣΌ͍ͦͤͦ ͙ͨͪ
Ὁ ρπ ΉˤΗ
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˸͔ͦ͒͡Έ EPOS͙  ͔ͣͻ͙͊ͤͣ͘ core-corona

10.1103/PhysRevC.82.044904

DOI: 10.1016/j.nuclphysbps.2007.10.012

K. Werner, T. Pierog

EPOS ς ͣ ͔ͦ͒͡Έ ͊͒ͪͦͤͤ·ͻ ͍͙͔͚͍͙͚͊ͣͦ͒ͫͭ͘Σ 
͍ͦͫͤͦ͊ͤͤ͊Ύ ͤ͊ NEXUS(QGSJET + VENUS)

Core-corona: ͫ ͙͙ͭ͊ͭͫͭ;͔ͫ͊͟Ύ ͙͊͒ͪͦͤ͊͘ͼ͙Ύ
ͨͦͭͤ͡·ͻ ͔͚ͦ͋͊ͫͭ͡ (core)͙ ͦ͋·;ͤ͊Ύ ͺ͎͔ͪ͊ͣͤͭ͊ͼ͙Ύ 
ͫͭͪͯͤ όcorona)͒͡Ύ ͚ͣ͊ͦ͡ ͙ͨͦͭͤͦͫͭ͡
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˸͔ͦ͒͡Έ EPOS͙  ͔ͣͻ͙͊ͤͣ͘ core-corona

10.1103/PhysRevC.82.044904

DOI: 10.1016/j.nuclphysbps.2007.10.012

K. Werner, T. Pierog

EPOS ς ͣ ͔ͦ͒͡Έ ͊͒ͪͦͤͤ·ͻ ͍͙͔͚͍͙͚͊ͣͦ͒ͫͭ͘Σ 
͍ͦͫͤͦ͊ͤͤ͊Ύ ͤ͊ NEXUS(QGSJET + VENUS)

Core-corona: ͫ ͙͙ͭ͊ͭͫͭ;͔ͫ͊͟Ύ ͙͊͒ͪͦͤ͊͘ͼ͙Ύ
ͨͦͭͤ͡·ͻ ͔͚ͦ͋͊ͫͭ͡ (core)͙ ͦ͋·;ͤ͊Ύ ͺ͎͔ͪ͊ͣͤͭ͊ͼ͙Ύ 
ͫͭͪͯͤ όcorona)͒͡Ύ ͚ͣ͊ͦ͡ ͙ͨͦͭͤͦͫͭ͡

11



DOI: 10.1103/PhysRevC.92.034906

˸͔ͦ͒͡Έ EPOS͙  ͔ͣͻ͙͊ͤͣ͘ core-corona

12



DOI: 10.1103/PhysRevC.92.034906

DOI: 10.1103/PhysRevC.92.034906

˸͔ͦ͒͡Έ EPOS͙  ͔ͣͻ͙͊ͤͣ͘ core-corona
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DOI: 10.1103/PhysRevC.92.034906

DOI: 10.1103/PhysRevC.92.034906

DOI: 10.1103/PhysRevC.92.034906

˸͔ͦ͒͡Έ EPOS͙  ͔ͣͻ͙͊ͤͣ͘ core-corona
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˸͔ͦ͒͡Έ EPOS͙  ͔ͣͻ͙͊ͤͣ͘ core-corona

ὔ ρ ‫ ὔ ‫  ὔ
DOI: 10.1103/PhysRevD.107.094031
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ˤ͍͔͙͔ͦͫͫͭ͊ͤͦͤ͡ ͻ͙ͪ͊͡Έ͚͙͔͙͙ͤͦͫͣͣͭͪ

ˤ ˴˥˽Υ ͺ͊͊͘ ͍͍͔͚ͦͫͫͭ͊ͤͦͤͤͦ͡ ͻ͙ͪ͊͡Έ͚ͤͦ
͙͔͙͙ͫͣͣͭͪΥ

πήήπᴼπ

ό͍͔͔ͨͦ͒ͭͪ͗͒ͤͦ ͪ͊ͫ;͔͙ͭ͊ͣ ͍ ˴̆˨ ͤ͊ ͔ͪ΄͔͔ͭ͟ύ

ü ˤ·͔͙͔ͪͦ͗͒ͤ Ⱬ-͙ Ɑ-͔͍ͣͦͤͦ͘ ͨͦ ͔ͣ͊ͫͫ:

üˤ͍ͦͤͦ͡·͔ ͺͯͤ͟ͼ͙͙ “-͔͍ͣͦͤͦ͘ ͙ͫ͡Έͤͦ 
͙ͦͭ͡;͊ΌͭͫΎ ͍ CSR-ͺ͔͊͘ ͙ ͍ ͦ͋·;ͤͦͣ 
˴̆˨-͍͔͊ͯͯͣ͟

ü˻͔͙͔ͭͪ͊͗ͤ ͦͭ ͔ͫͭͤͦ͟ ζͨͯ͘·ͪΎη ˴˥˽
ü˽͍͔͙͔ͦ͒͊ͤ͡ ͙͍ͨͦͤͦ ->͍͔͙ͯ͡;͔͙͔ͤ 
͍·ͻͦ͒͊ ͙͍͋͊ͪͦͤͦ

DOI:  10.1088/1674-1137/acaf26

DOI: 10.1051/epjconf/20135307007
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˸͔ͦ͒͡Έ ͎͡Ό͎͔ͦͤͤͦͦͦͤ͒ͤͫ͊ͭ͊͟

B. Liu, Zh. Yang, DOI: 10.3847/1538-4357/ad6b9a

ˣ͔͔ͦ͡ ͍·͙͚ͫͦ͟ ͨͦͪΎ͒ͦ͟ ͙͎͒͊ͪ͊ͣͣ ͍͙͙ͪ͊ͭ͘Ύ 
͎͡Ό͎ͦͤͤͦͦ ͙͍ͤ͡ΎΥ ͔͙ͤͫͭ͊͋͡ΈͤͦͫͭΈ 
͙͔ͦͭͤͦͫͭ͡Έͤͦ ͤ͊;͊͡Έͤ·ͻ ͍͙͚ͯͫͦ͡ Ҍ ͻ͊ͦͫ Ҍ 
Ή͙͍͙͔ͪ͊ͤͪͦ͊ͤ͟κ͙͊ͤͭΉ͙͍͙͔ͪ͊ͤͪͦ͊ͤ͟

->˴͔ͦͤ͒ͤͫ͊ͼ͙Ύ ͎͡Ό͍ͦͤͦ ͫ ͻ͔͊ͪ͊ͭͪͤ͟·ͣ 
͙ͣͨͯ͡Έͫͦͣ ὼͯ ρπ
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˸͔ͦ͒͡Έ ͎͡Ό͎͔ͦͤͤͦͦͦͤ͒ͤͫ͊ͭ͊͟

Äὔ

ÄὸÄὼ

ρ

ς
Äίί‏ί Ὧ Ὧ

ὔὔὔ
ÄὯÄὯ

ς“ Ὧ Ὧ
ὪὯ ὪὯ „ ί

ὔὔ
ÄὯÄὯ

ς“ Ὧ Ὧ
Ὢ Ὧ Ὢ Ὧ „ ί

B. Liu, Zh. Yang, DOI: 10.3847/1538-4357/ad6b9a
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˸͔ͦ͒͡Έ ͎͡Ό͎͔ͦͤͤͦͦͦͤ͒ͤͫ͊ͭ͊͟

Äὔ

ÄὸÄὼ

ρ

ς
Äίί‏ί Ὧ Ὧ

ὔὔὔ
ÄὯÄὯ

ς“ Ὧ Ὧ
ὪὯ ὪὯ „ ί

ὔὔ
ÄὯÄὯ

ς“ Ὧ Ὧ
Ὢ Ὧ Ὢ Ὧ „ ί

B. Liu, Zh. Yang, DOI: 10.3847/1538-4357/ad6b9a
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͍͔͍͔̇ͭͦͦ ͔͔͔͙͔͙͔ͨͪͫͦ͒ͤͤ(color reconnection)

DOI: 10.1007/JHEP08(2015)003

ζ͍̂ͦ͊͘͡Ύη ͎͙ͭͦͨͦͦ͡Ύ

J.R. Christiansen, P.Z. Skands, DOI: 10.1007/JHEP08(2015)003
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˿͔͔͙͔ͨͭͤ͡ ͫͭͪͯͤ ͍ ͎͗ͯͭ· όrope hadronization)

DOI: 10.1051/epjconf/201817114003

˹͔ͫͦ͟͡Έ͔͔͔ͦͨͪͫ͊͟͟Ό΅͙ͻͫΎ 
ͫͭͪͯͤ ͺ͙ͦͪͣͪͯΌͭ ζ͎͗ͯͭηΣ 
ͦ͋͊͒͊͡Ό΅͙͚ ͔͔͋ͦ͡ ͍·͙ͫͦͣ͟ 
ͦ͟Ήͺͺ͙ͼ͙͔ͤͭͦͣ ͤ͊ͭΎ͔͙͗ͤΎ

͍͔͙̂͡;͔ͤ ͍·ͻͦ͒ ͫͭͪ͊ͤͤ·ͻ ;͙͊ͫͭͼ 
͙ ͙͍͋͊ͪͦͤͦ

DOI: 10.1007/JHEP03(2015)148
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̅ͪ ͎͔͊ͣͤͭ͊ͼ͙Ύ ͍ͦͫͦͦ͟͟͡

˾͔͊͟ͼ͙͙ 
͙͎ͨͦͤͤͦͦ
͔ͦ͋ͣͤ͊

“

“

”

ὃ

ὃ ὢ

“

“

”

ὃ

ὃ ὢ

“ “ “ “

+

“

“

/”

ὃ

ὃ ὢ

“ “

Ⱦ“

”

˿ͦͦͭͤͦ΄͔͙͔ͤ ͙͙͒ͪͯ͡Ό΅͙ͻ 
͙͍ͨͦͤͦ ϳὔ“ ὔ“ σ!

Riehn et al., ICRC-2015

˻͒ͤ͊ͦ͟Υ͍͔͙ͯ͡;͙͍͔͊ͭͫΎ͍͊͒͟͡
͎͙ͯͨͪͯͻ͔ͪ͊͟ͼ͙͚ ςͣ ͔ͦ͗ͭ ͙͍͔͙ͨͪͫͭ 
͟ ͙͔͙ͫͤ͗ͤΌ ;͙ͫ͊͡ ͣΌ͍ͦͤͦΗ
˿Φ ˻ͫͭ͊ͨ;͔ͤͦ͟, DOI: 
10.1016/j.astropartphys.2024.103004
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EPOS.LHC-R:͎ͦ͋͊͡͡Έͤ·͚ͨͦ͒ͻͦ͒

˹͚͊ͫͭͪͦ͊͟ΥΉͫͨ͟Φ͒͊ͤͤ·͔ 
ͦͭ ὩὩ  ͒ ͦ Pb+Pb 
͍͔͙͚ͫͭͦͤͦͤ͟͡

ˣ͔͔ͦ͡ ͎͙͔ͯ͋ͦ͟͡ ͙͍͙ͤ͡

ˣͦ͡Έ΄͔ͣΌ͍͙ͦͤͦ-͊͘͘ 
͙͔͙͙͊ͫͣͣͭͪ ͙͍ͨͦͤͦ 
͍͔͍͙͔ͫ͒ͫͭ͡ ͔͙ͪͦ͗͒ͤΎ 
͔͍ͪͦͤ͊ͤͫͦ͘ ό –ᴂ, f(980) )
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˹͊ͪͯ΄͔͙͔ͤ ˶͔ͦͪͤͼ-͙͍͙͙ͤ͊ͪ͊ͤͭͤͦͫͭ

̏ͺͺ͔͙͍ͭͤ͊͟Ύ ͍͒ͦ͋͊͊͟ ͍ 
͔ͪ͡Ύ͙͍͙͙͚ͭͫͭͫ͟ ͙͍͙ͤ͊ͪ͊ͤͭ:

Ὁ ὴ ά Ὢᴆὴȟὓ ȟ–

˾͔͙͔͊ͦ͗ͤ͘͡ ͍ ͙͙͒ͪͯ͡Ό΅͔ͣ ͨͦͪΎ͔͒͟Υ

Ὁ ὴ ά –
ὴ

ὓ
ḳά

C. Trimarelli, 2021, DOI: 10.22323/1.395.0340

–ςͨ ͔͊ͪ͊ͣͭͪ ͤ͊ͪͯ΄͔͙ͤΎ ˶͔ͦͪͤͼ-
͙͍͙͙ͤ͊ͪ͊ͤͭͤͦͫͭ

ˤͦͣͦ͗ͤ͘· ͙ͪ͊͘͡;ͤ·͔ ͫͼ͔͙͙ͤ͊ͪΥ

Å ˾͊ͫͨ͊͒ VHE-ͺ͍ͦͭͦͤͦ

Å ζ˿͙ͭ͊͋͡ΈͤͦͫͭΈη “ :

‎
Ὁ

ά
‎

˽͙ͦͫ͟ LIV-͙͎͍ͫͤ͊ͦ͡ ͤ͊ PAO

24



˹͊ͪͯ΄͔͙͔ͤ ˶͔ͦͪͤͼ-͙͍͙͙ͤ͊ͪ͊ͤͭͤͦͫͭ

Å˽͍͔͙͔ͦ͒͊ͤ͡ ͔ͫ;͔͙ͤΎ
‎ ὃᴼὩὩ

G.I. Rubtsov et al., 2018, 
DOI: 10.1103/PhysRevD.86.085012

„

„
ḙ
ρςά ὓ

χὉ
ÌÏÇ

Ὁ

ςά ὓ
Ȣ

N.S. Martynenko et al., 2025, DOI: 10.1103/PhysRevD.111.063010

ü ˿͍͙͎͒ ͔͙͍͚ͪͦͤͫͭͪͯͪͦ͊ͤͤͦ͟ Ή͔͎͙͙ͤͪ 
̊ˢ˶ Ὁ

–
ὓ

ὓ
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˿ͭͪ͊ͤͤ͊Ύ ͍͍͊ͪͦ͊͟͟Ύ ͔͙ͣ͊ͭͪΎ

˸͔͙͍͙͔ͦ͒ͪͦ͊ͤ͡ ˿˴˸ 
 ͍EPOS: ͎͙͔ͨͪΎ͒ͪ͊ ͫ 

A=500 ͙  ͘ɤ

˿͍͔͙͔ͪ͊ͤͤ ὢ

˿͍͔͙͔ͪ͊ͤͤ ʎὢ

D. Shuster, 2011, PhD thesis

˥͙͔͙ͨͦͭͭ;͔͙͔͙ͫͫͭ͊͋͟͡Έͤ·͔ͫͦͫͭͦΎ͙ͤΎ͙͙͔͙͍͎͙ͨͪͣͪͤͦͦ͒ͤ͊ͦͦͦͦ͘͟͟͡;͔͍ͫͭ͊ 
u-, d- ͙  s-͍͍͊ͪͦ͟͟Υ ὃṃσππ, ὤͯ π

ˣͦ͡Έ΄͊ΎΉ͔͎͙ͤͪΎ͍ͫΎ͙͘όͣ͊͡·͚͙ͪ͊͒ͯͫ
ζ͎͙͔ͨͪΎ͒ͪ͊ηύ ͔͙͔ͦͣͨͤͫͪͯͭ͟ ͋ͦ͡Έ΄͔ͦ ὃ
ü˿ͻͦ͗͊Ύͫͦ ͋·;ͤ·͙ͣΎ͙͙͒ͪ͊ͣ͒ͤ͊͡
͔͎ͨͪͦ͋͊
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˭͊͟͡Ό;͔͙͔ͤ

Å ˸Όͦͤͤ͊Ύ ͎͊͊͒͊͘͟ ͔ͦͫͭ͊ͭͫΎ ͚ͦ͒ͤͦ ͙͘ ͫ͊ͣ·ͻ ͊ͭͯ͊͟͡Έͤ·ͻ ͔ͨͪͦ͋ͣ͡ ͍ ͺ͙͙͔͘͟ 
˴˶˿ˤ̏ ͤ͊ ͨͪͦͭΎ͔͙͙͗ͤ 1ͯ5 ͡ ͔ͭΦ

Å ˽͔͔ͪ͒ͦ͗ͤͦ͡ ͔͍ͣͤͦ͗ͫͭͦ ͎͙͔ͨͦͭ͘ ͒͡Ύ ͦ͋ΆΎ͔͙ͫͤͤΎ ͙͋͘·ͭ͊͟ ͣΌ͍ͦͤͦ

ü ˸͔͙ͦ͒͡ ͫ ζ͙ͫ͡Έͤ·ͣη ͙͔͔͙͔ͣͤͤͣ͘ ͺ͙͙͙͘͟ ͔͍͎ͨͪͦͦ ͍͙͔͚͍͙͊ͣͦ͒ͫͭ͘Ύ 
͙ͫͨ·ͭ·͍͊Όͭ ͙ͭͪͯ͒ͤͦͫͭ ͙ͨͪ ͚͔ͤ͊ͫͭͪͦ͟ ͨͦ Ή͔͙͔ͫͨͪͣͤͭ͊͟͡Έͤ·ͣ ͒͊ͤͤ·ͣ

ü ˣͦ͡Έ΄͙͍͔͔͚͔ͤͫͭͦͣͦ͒ͤͨ͡ ͙͍͔ͪͦͭͦͪ;͔͊ͭͣ͗͒ͯ ͚ͫͦ͋ͦ ͙͎ͣͦͯͭ 
͒ͦͨͦͤ͡ΎͭΈ ͎͒ͪͯ ͎͒ͪͯ͊Φ

Å ˥͍͊ͤ͊͡Ύ ͫͦ͗ͤͦͫͭ͡Έ ςͨ ͔͙͔ͦͫͭͪͦͤ ͨͦͤͦ͡ͼ͔͚ͤͤͦ ͔͙ͣͦ͒͡ ͒͡Ύ ͎ͨͦͤͦͦ͡ ͙ 
͙͍͔ͯͤͪͫ͊͡Έ͎ͤͦͦ ͪ͊ͫ;͔ͭ͊ ͍͙͔͚͍͙͚͊ͣͦ͒ͫͭ͘

ü ́ͦ͡Έͦ͟ EPOS LHC-R ͨ ͔͎͔ͪ͒͊͊ͭ͡ ͔͍͔ͨͦͫ͒ͦ͊ͭ͡͡Έͤ·͚ ͔͔ͨͪͻͦ͒ ͔ͣ͗͒ͯ 
ͪ͊ͤ͘·͙ͣ Ή͙ͭ͊ͨ͊ͣ ͍͙͔͚͍͙͊ͣͦ͒ͫͭ͘Ύ ͙ ͔͙͒ͤͯΌ ͫͻ͔ͣͯ ͯ;͔ͭ͊ ͪ͊ͤ͘·ͻ 
Ήͺͺ͔͍ͭͦ͟Σ ͔ͤ͊ͫͭͪͦͤͤ·͔ ͨͦ ζ͎ͦ͋͊͡͡Έ͚ͤͦη ͍͙ͫͦͦͯͨͤͦͫͭ͟ 
Ή͔͙͔ͫͨͪͣͤͭ͊͟͡Έͤ·ͻ ͒͊ͤͤ·ͻ

ü ͙̏ͦͭ͘͟;͔͙͔ͫ͟ ͫͼ͔͙͙ͤ͊ͪ ͍ͦͣͦ͗ͤ͘·Σ ͤͦ ͭͪͯ͒ͤͦͫͭΈ ͍ ͙ͻ ͍͔͔͙͙ͨͦ͒ͭͪ͗͒ͤ 
ό͍͔͔͙͙ͦͨͪͦͪ͗ͤύΦ
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˿͙ͨ͊ͫ͋ͦ ͊͘ ͍͙͙͔ͤͣ͊ͤ!



˨͙͔ͦͨͦͤͭ͡͡Έͤ·͔ ͚ͫ͊͒͡·



˿͙͔͙ͫͭͣ͊ͭ͊͟ ͎͙͔ͨͦͭ͘Υ ͙ͨͪ;͙ͤ͊ ͪ͊ͫͻ͔͙ͦ͗͒ͤΎ

ˮ͋͘·ͭͦ͟ ͣΌ͍ͦͤͦ 
όΉ͔͙͔ͫͨͪͣͤͭ͟κ͔ͣͦ͒͡Έύ

͔͍͔̉ͦ͡;͔͙͚ͫ͟ ͺ͊ͭͦͪ͟

Å ˹͔͍͔ͫͦͪ΄͔͍ͤͫͭͦ ͎ͨͪͦͪ͊ͣͣ 
ό˸˴-͎͔͔ͤͪ͊ͭͦͪ· ͊͒ͪͦͤͤ·ͻ 
͍͙͔͚͍͙͚͊ͣͦ͒ͫͭ͘Σ Ήκͣ-
͎ͨͪͦͨ͊͊ͭͦͪ·Σ ͔͙͎ͭͪͤ͟ 
;͙͊ͫͭͼύ
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˿͙͔͙ͫͭͣ͊ͭ͊͟ ͎͙͔ͨͦͭ͘Υ ͙ͨͪ;͙ͤ͊ ͪ͊ͫͻ͔͙ͦ͗͒ͤΎ

ˮ͋͘·ͭͦ͟ ͣΌ͍ͦͤͦ 
όΉ͔͙͔ͫͨͪͣͤͭ͟κ͔ͣͦ͒͡Έύ

Å˽͎ͪͦͪ͊ͣͣ· ͒͡Ύ ͔͙͍͙ͣͦ͒ͪͦ͊ͤ͡Ύ ͍͙͙ͪ͊ͭ͘Ύ ̊ˢ˶ 
ό͔͙͍͙͔ͦͭͫ͗͊ͤ͡ ;͙͊ͫͭͼ ͍ ͊ͭͣͦͫͺ͔͔ͪύ
üCORSIKA (-7), AIRES, MOCCA, COSMOS (-X), CONEX, 

SENECA, MCEq, CORSIKA 8
ü˿͍͔͙͔ͦͨ͊͒ͤ ͍ ͔͔ͨͪ͒͊͡ͻ р ҈ ͫ  CORSIKA 7

Å˸͔͙ͦ͒͡ ͊͒ͪͦͤͤ·ͻ͍͙͔͚͍͙͚͊ͣͦ͒ͫͭ͘ όˤ̏ύ
ü QGSJET (-II (-03,04)-III ), SIBYLL ( 1.6, 2.1, 2.3(c,d,e), ad 

astra ), EPOS ( 1.99, LHC, LHC-R ), DPMJET-III ( -19.1 ), 
PYTHIA 8, NEXUS, Χ

ü ˹͙͊͡;͙͔ ͙͋͘·ͭ͊͟ ͙͍͔ͯͤͪͫ͊͡Έͤͦ ͒͡Ύ ͔͔͚ͣͦ͒͡

Å˸͔͙ͦ͒͡ ͊͒ͪͦͤͤ·ͻ͍͙͔͚͍͙͚͊ͣͦ͒ͫͭ͘ ό˹̏ύ
üFLUKA, UrQMD, GHEISHA, JAM, JQMD, Hillas-Splitting
ü˿͊͋ͦ͡ ͍͙͡ΎΌͭ ͤ͊ ͦ͋΅͙͚ ͔ͪͯ͘͡Έͭ͊ͭ

Å˸͔͙ͦ͒͡ Ή͔͎͙͎ͭͪͦͣ͊ͤͭͤͦͦ͟͡ ͊ͫ͊͒͊͟͟ ͙  ͔ͨͭͦͤͤ͡·͔ 
͎ͨͪͦͨ͊͊ͭͦͪ·
üEGS4, EmCa, Tsai, PROPOSAL

͔͍͔̉ͦ͡;͔͙͚ͫ͟ ͺ͊ͭͦͪ͟

Å ˹͔͍͔ͫͦͪ΄͔͍ͤͫͭͦ ͎ͨͪͦͪ͊ͣͣ 
ό˸˴-͎͔͔ͤͪ͊ͭͦͪ· ͊͒ͪͦͤͤ·ͻ 
͍͙͔͚͍͙͚͊ͣͦ͒ͫͭ͘Σ Ήκͣ-
͎ͨͪͦͨ͊͊ͭͦͪ·Σ ͔͙͎ͭͪͤ͟ 
;͙͊ͫͭͼύ
ü ˮͫ͟͡Ό;͔ͤͦ ͪͦͫͫ͟-
͍͔͙͔ͫͪ͊ͤͤͣ ͙ͪ͊͘͡;ͤ·ͻ 
͍ͦ͒ͦ͟κ͔͔͚ͣͦ͒͡
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˿͙͔͙ͫͭͣ͊ͭ͊͟ ͎͙͔ͨͦͭ͘Υ ͙ͨͪ;͙ͤ͊ ͪ͊ͫͻ͔͙ͦ͗͒ͤΎ

ˮ͋͘·ͭͦ͟ ͣΌ͍ͦͤͦ 
όΉ͔͙͔ͫͨͪͣͤͭ͟κ͔ͣͦ͒͡Έύ

͔͍͔̉ͦ͡;͔͙͚ͫ͟ ͺ͊ͭͦͪ͟

Å ˹͔͍͔ͫͦͪ΄͔͍ͤͫͭͦ ͎ͨͪͦͪ͊ͣͣ 
ό˸˴-͎͔͔ͤͪ͊ͭͦͪ· ͊͒ͪͦͤͤ·ͻ 
͍͙͔͚͍͙͚͊ͣͦ͒ͫͭ͘Σ Ήκͣ-
͎ͨͪͦͨ͊͊ͭͦͪ·Σ ͔͙͎ͭͪͤ͟ 
;͙͊ͫͭͼύ
ü ˮͫ͟͡Ό;͔ͤͦ ͪͦͫͫ͟-
͍͔͙͔ͫͪ͊ͤͤͣ ͙ͪ͊͘͡;ͤ·ͻ 
͍ͦ͒ͦ͟κ͔͔͚ͣͦ͒͡

Å ˻΄͙͋͊͟ ͍ ͔͙͔ͣͭͦ͒͟ κ 
͍͔͔͙͙ͨͪͦ͒ͤ Ή͔͙͔ͫͨͪͣͤͭ͊͟
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˿͙͔͙ͫͭͣ͊ͭ͊͟ ͎͙͔ͨͦͭ͘Υ ͙ͨͪ;͙ͤ͊ ͪ͊ͫͻ͔͙ͦ͗͒ͤΎ

ˮ͋͘·ͭͦ͟ ͣΌ͍ͦͤͦ 
όΉ͔͙͔ͫͨͪͣͤͭ͟κ͔ͣͦ͒͡Έύ

Å˻͒ͤ͊ͦ͟Σ ͔͔ͫͭͨͤΈ ͙͋͘·ͭ͊͟ Χ

ü ˮͫͨͦ͡Έ͍͙͔ͦ͊ͤ͘ ͍͔͚ͤͦ΄͙ͻ ͍͔͙͚ͪͫ ͔͔͚ͣͦ͒͡ 
͍͙͔͚͍͙͊ͣͦ͒ͫͭ͘Ύ ͙ ͎ͨͪͦͪ͊ͣͣ ͪ͊ͫ;͔ͭ͊ ̊ˢ˶ 
ό͔ͦͪͪ͟͟ͼ͙Ύ ͔ͪͺ͔͔ͪͤͫͤ·ͻͤ͊͘;͔͙͚ͤύ

ü ̂;͔ͭ Ήͺͺ͔ͭ͊͟ ͎͙͎ͣ͊ͤͭͤͦͦ ͨͦ͡Ύ

ü ̂;͔ͭ ̏̅˴ ̊ˢ˶ ͒͡Ύ ͋ͦ͡Έ΄͙ͻ ͔͙ͤͭͤ͘·ͻ ͎͍ͯͦ͡

ü ˴͔ͦͪͪ͟ͼ͙Ύ ͎͊͒͊ͤͤͦͦ͘ ͔ͫͨͭͪ͊͟ κ ͍͎ͣ͊ͫͫͦͦͦ 
͍ͫͦͫͭ͊͊ (͙ͫͨͦ͡Έ͍ͦ͊ͭ͘Έ GSF!)

DOI: 10.1103/clp6-bp28 (͒ ͡Ύ ˹˩ˤ˻˨-˨˩˴˻˾ύ

͔͍͔̉ͦ͡;͔͙͚ͫ͟ ͺ͊ͭͦͪ͟

Å ˹͔͍͔ͫͦͪ΄͔͍ͤͫͭͦ ͎ͨͪͦͪ͊ͣͣ 
ό˸˴-͎͔͔ͤͪ͊ͭͦͪ· ͊͒ͪͦͤͤ·ͻ 
͍͙͔͚͍͙͚͊ͣͦ͒ͫͭ͘Σ Ήκͣ-
͎ͨͪͦͨ͊͊ͭͦͪ·Σ ͔͙͎ͭͪͤ͟ 
;͙͊ͫͭͼύ
ü ˮͫ͟͡Ό;͔ͤͦ ͪͦͫͫ͟-
͍͔͙͔ͫͪ͊ͤͤͣ ͙ͪ͊͘͡;ͤ·ͻ 
͍ͦ͒ͦ͟κ͔͔͚ͣͦ͒͡

Å ˻΄͙͋͊͟ ͍ ͔͙͔ͣͭͦ͒͟ κ 
͍͔͔͙͙ͨͪͦ͒ͤ Ή͔͙͔ͫͨͪͣͤͭ͊͟
ü ˮͫ͟͡Ό;͔ͤͦ 
ͦ͋Ά͔͙͔͙͔͒ͤͤͣ ͒͊ͤͤ·ͻ 
͎͙ͣͤͦͻ ͍ͯͫͭ͊ͤͦͦ͟
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˿͙͔͙ͫͭͣ͊ͭ͊͟ ͎͙͔ͨͦͭ͘Υ ͙ͨͪ;͙ͤ͊ ͪ͊ͫͻ͔͙ͦ͗͒ͤΎ

ˮ͋͘·ͭͦ͟ ͣΌ͍ͦͤͦ 
όΉ͔͙͔ͫͨͪͣͤͭ͟κ͔ͣͦ͒͡Έύ

͔͍͔̉ͦ͡;͔͙͚ͫ͟ ͺ͊ͭͦͪ͟

Å ˹͔͍͔ͫͦͪ΄͔͍ͤͫͭͦ ͎ͨͪͦͪ͊ͣͣ 
ό˸˴-͎͔͔ͤͪ͊ͭͦͪ· ͊͒ͪͦͤͤ·ͻ 
͍͙͔͚͍͙͚͊ͣͦ͒ͫͭ͘Σ Ήκͣ-
͎ͨͪͦͨ͊͊ͭͦͪ·Σ ͔͙͎ͭͪͤ͟ 
;͙͊ͫͭͼύ
ü ˮͫ͟͡Ό;͔ͤͦ ͪͦͫͫ͟-
͍͔͙͔ͫͪ͊ͤͤͣ ͙ͪ͊͘͡;ͤ·ͻ 
͍ͦ͒ͦ͟κ͔͔͚ͣͦ͒͡

Å ˻΄͙͋͊͟ ͍ ͔͙͔ͣͭͦ͒͟ κ 
͍͔͔͙͙ͨͪͦ͒ͤ Ή͔͙͔ͫͨͪͣͤͭ͊͟
ü ˮͫ͟͡Ό;͔ͤͦ 
ͦ͋Ά͔͙͔͙͔͒ͤͤͣ ͒͊ͤͤ·ͻ 
͎͙ͣͤͦͻ ͍ͯͫͭ͊ͤͦͦ͟

ˢͫͭͪͦͺ͙͙͘;͔ͫ͊͟Ύ ͙ͨͪ;͙ͤ͊

͙̏ͦͭ͘͟;͔͙͔ͫ͟ ͔͍͙ͨͪ;ͤ·͔ 
;͙͊ͫͭͼ·
ü ͙̏ͦͭ͊͘͟͟ ͔ͤ ͒ͦ͗ͤ͊͡ 
͙ͫ͡΄ͦͣ͟ ͙ͫ͡Έͤͦ ͙ͦͭ͡;͊ͭΈͫΎ 
ͦͭ ͫͭ͊ͤ͒͊ͪͭͤ·ͻ Ύ͔͒ͪ ό̏̅˴ 
̊ˢ˶ύΗ
ü ͔͔́ͪ͋ͯͭͫΎ ͍͙ͨͫ͊ͭΈ ͍ 
͎͙ͦͫͣͦͦ͟͡;͔ͫͯ͟Ό ͔ͣͦ͒͡Έ

ˮ͔͔͙͔ͣͤͤ͘ ͔ͫͨͭͪ͊͟ ˽˴˶
ü ͔͔́ͪ͋ͯͭͫΎ ͙͔͔͙͔ͣͤͤ͘ 
ͺ͙͙͙͘͟Η
ü ˹͔ͦ͋ͻ͙ͦ͒ͣͦ 
͍͔͍͙ͯ͒ͦͭͦͪͭ͡Έ ͍͔ͫͣ 
ζ͍͋͊ͦ͘·ͣη ͤ͊͋͡Ό͔͙͒ͤΎͣ
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˿͙͔͙ͫͭͣ͊ͭ͊͟ ͎͙͔ͨͦͭ͘Υ ͙ͨͪ;͙ͤ͊ ͪ͊ͫͻ͔͙ͦ͗͒ͤΎ

ˮ͋͘·ͭͦ͟ ͣΌ͍ͦͤͦ 
όΉ͔͙͔ͫͨͪͣͤͭ͟κ͔ͣͦ͒͡Έύ

͔͍͔̉ͦ͡;͔͙͚ͫ͟ ͺ͊ͭͦͪ͟

Å ˹͔͍͔ͫͦͪ΄͔͍ͤͫͭͦ ͎ͨͪͦͪ͊ͣͣ 
ό˸˴-͎͔͔ͤͪ͊ͭͦͪ· ͊͒ͪͦͤͤ·ͻ 
͍͙͔͚͍͙͚͊ͣͦ͒ͫͭ͘Σ Ήκͣ-
͎ͨͪͦͨ͊͊ͭͦͪ·Σ ͔͙͎ͭͪͤ͟ 
;͙͊ͫͭͼύ
ü ˮͫ͟͡Ό;͔ͤͦ ͪͦͫͫ͟-
͍͔͙͔ͫͪ͊ͤͤͣ ͙ͪ͊͘͡;ͤ·ͻ 
͍ͦ͒ͦ͟κ͔͔͚ͣͦ͒͡

Å ˻΄͙͋͊͟ ͍ ͔͙͔ͣͭͦ͒͟ κ 
͍͔͔͙͙ͨͪͦ͒ͤ Ή͔͙͔ͫͨͪͣͤͭ͊͟
ü ˮͫ͟͡Ό;͔ͤͦ 
ͦ͋Ά͔͙͔͙͔͒ͤͤͣ ͒͊ͤͤ·ͻ 
͎͙ͣͤͦͻ ͍ͯͫͭ͊ͤͦͦ͟

ˢͫͭͪͦͺ͙͙͘;͔ͫ͊͟Ύ ͙ͨͪ;͙ͤ͊

͙̏ͦͭ͘͟;͔͙͔ͫ͟ ͔͍͙ͨͪ;ͤ·͔ 
;͙͊ͫͭͼ·
ü ͙̏ͦͭ͊͘͟͟ ͔ͤ ͒ͦ͗ͤ͊͡ 
͙ͫ͡΄ͦͣ͟ ͙ͫ͡Έͤͦ ͙ͦͭ͡;͊ͭΈͫΎ 
ͦͭ ͫͭ͊ͤ͒͊ͪͭͤ·ͻ Ύ͔͒ͪ ό̏̅˴ 
̊ˢ˶ύΗ
ü ͔͔́ͪ͋ͯͭͫΎ ͍͙ͨͫ͊ͭΈ ͍ 
͎͙ͦͫͣͦͦ͟͡;͔ͫͯ͟Ό ͔ͣͦ͒͡Έ

ˮ͔͔͙͔ͣͤͤ͘ ͔ͫͨͭͪ͊͟ ˽˴˶
ü ͔͔́ͪ͋ͯͭͫΎ ͙͔͔͙͔ͣͤͤ͘ 
ͺ͙͙͙͘͟Η
ü ˹͔ͦ͋ͻ͙ͦ͒ͣͦ 
͍͔͍͙ͯ͒ͦͭͦͪͭ͡Έ ͍͔ͫͣ 
ζ͍͋͊ͦ͘·ͣη ͤ͊͋͡Ό͔͙͒ͤΎͣ

͙͙̅͊͘͟ ͍·͙ͫͦ͟ͻ Ή͔͎͙͚ͤͪ

˸͔͙ͦ͒͡ ͊͒ͪͦͤͤ·ͻ
͍͙͔͚͍͙͚͊ͣͦ͒ͫͭ͘

ü ˻͍͚ͫͤͦͤͦ ͙ͫͭͦ;͙ͤ͟ 
͔͔͔͔͔͚ͤͦͨͪ͒ͤͤͦͫͭ͡

ü ˸͔͍ͤͦ͗ͫͭͦ ͙͍͔ͫͭͤ͘·ͻ 
͔ͨͪͦ͋ͣ͡

˹͔͊͒ͪͦͤͤ͊Ύ͙ͨͪ;͙ͤ͊

ü ˤ ͍ͦͫͤͦͤͦͣ ͺ͙͙͊͘͟ ͊͘ 
͔͔͙ͨͪ͒͊ͣ͡ ˿˸
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˴͙͊ͫͫ͡ͺ͙͊͟ͼ͙Ύ ͎͙͔ͨͦͭ͘Υ ͺ͙͙͘;͔ͫ͊͟Ύ ͙ͨͪ;͙ͤ͊

ˮ͔͔͙͔ͣͤͤ͘ ͺ͙͙͙͘͟

˿ͭ͊ͤ͒͊ͪͭͤ͊Ύ ͺ͙͙͊͘͟Υ 
͚ͤ͊ͫͭͪͦ͊͟ ͙ ͯͭͦ;͔͙͔ͤͤ

o ˿͔;͔͙ͤΎ,͙͒ͺͺͪ͊͟ͼ͙Ύ,
͔ͤ ͙͔͚ͤͤ͡·͚ Ήͺͺ͔ͭ͟· ͍ 
͔ͨͦͣͪͦͤͤ·ͻ͔ͦ͋ͣͤ͊ͻ, 
ͤ͊ͫ·΅͔͙͔ͤ, MPI, NNLO 
PDF, ͙  ͭΦ ͒.

Å˽͙͍͙ͪͦ͒ͭ ͟ ͎ͦ͋͊͡͡Έͤͦͣͯ 
͙͔͔͙ͣͤͤ͘Ό ͻ͔͙͙͊ͪ͊ͭͪͫͭ͟͟ 
̊ˢ :˶ ὢ , ὔ ὔ , ̅ ˽˾, Χ

Å̏ͺͺ͔ͭ͟· ͙͍ͤ͊ͫͭͪ͊͊ΌͭͫΎ 
ͨͦ͒ ͙͔ͣΌ΅͙͔ͫΎ ͒͊ͤͤ·͔ ͫ 
͙͔͔͚ͯͫͦͪͭ͟͡
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˴͙͊ͫͫ͡ͺ͙͊͟ͼ͙Ύ ͎͙͔ͨͦͭ͘Υ ͺ͙͙͘;͔ͫ͊͟Ύ ͙ͨͪ;͙ͤ͊

ˮ͔͔͙͔ͣͤͤ͘ ͺ͙͙͙͘͟

˿ͭ͊ͤ͒͊ͪͭͤ͊Ύ ͺ͙͙͊͘͟Υ 
͚ͤ͊ͫͭͪͦ͊͟ ͙ ͯͭͦ;͔͙͔ͤͤ

o ˿͔;͔͙ͤΎ,͙͒ͺͺͪ͊͟ͼ͙Ύ,
͔͙͔͚ͤͤͤ͡·͚ Ήͺͺ͔ͭ͟· ͍ 
͔ͨͦͣͪͦͤͤ·ͻ͔ͦ͋ͣͤ͊ͻ, 
ͤ͊ͫ·΅͔͙͔ͤ, MPI, NNLO 
PDF, ͙  ͭΦ ͒.

Å˽͙͍͙ͪͦ͒ͭ ͟ ͎ͦ͋͊͡͡Έͤͦͣͯ 
͙͔͔͙ͣͤͤ͘Ό ͻ͔͙͙͊ͪ͊ͭͪͫͭ͟͟ 
̊ˢ :˶ ὢ , ὔ ὔ , ̅ ˽Σ˾ Χ

Å̏ͺͺ͔ͭ͟· ͙͍ͤ͊ͫͭͪ͊͊ΌͭͫΎ 
ͨͦ͒ ͙͔ͣΌ΅͙͔ͫΎ ͒͊ͤͤ·͔ ͫ 
͙͔͔͚ͯͫͦͪͭ͟͡

˹͍ͦ·͔ Ήͺͺ͔ͭ͟· ͍ 
͚ͫͭ͊ͤ͒͊ͪͭͤͦ ͺ͙͙͔͘͟

ü ˴͔͙͍ͦͭͤ͟͡͡·͔ Ήͺͺ͔ͭ͟·
o ˴˥˽, ˴ ̇˿,Ήͺͺ͔ͭ͟· 
͍͙͔͚͍͙͊ͣͦ͒ͫͭ͘Ύ ͫͭͪͯͤ ͙ ͭΦ ͒.

ü ͎͔̅ͪ͊ͣͤͭ͊ͼ͙Ύ ͫͭͪͯͤ
o ˮ͙͍ͦͫͨͤͦ͊͘Ύό͊ύ͙͔͙ͫͣͣͭͪΎ, 
ͭΎ͔͗͡·͔ ͍͙͊ͪ͟͟, ͫ ͙͍ͨͤͦ͊Ύ 
ͺ͙͙͊͘͟Σ Χ

Å ͍͔͙̂͡;͔͙͔ͤ ͍·ͻͦ͒͊ ͔ͤͦͭͦͪ͟·ͻ 
;͙͊ͫͭͼ (͙͍͋͊ͪͦͤͦ, ͫ ͭͪ͊ͤͤ·ͻ 
;͙͊ͫͭͼκͭΎ͔͗͡·ͻ ͔͍ͪͦͤ͊ͤͫͦ͘)
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˴͙͊ͫͫ͡ͺ͙͊͟ͼ͙Ύ ͎͙͔ͨͦͭ͘Υ ͺ͙͙͘;͔ͫ͊͟Ύ ͙ͨͪ;͙ͤ͊

˿ͭ͊ͤ͒͊ͪͭͤ͊Ύ ͺ͙͙͊͘͟Υ 
͚ͤ͊ͫͭͪͦ͊͟ ͙ ͯͭͦ;͔͙͔ͤͤ

o ˿͔;͔͙ͤΎ,͙͒ͺͺͪ͊͟ͼ͙Ύ,
͔͙͔͚ͤͤͤ͡·͚ Ήͺͺ͔ͭ͟· ͍ 
͔ͨͦͣͪͦͤͤ·ͻ͔ͦ͋ͣͤ͊ͻ, 
ͤ͊ͫ·΅͔͙͔ͤ, MPI, NNLO 
PDF, ͙  ͭΦ ͒.

Å˽͙͍͙ͪͦ͒ͭ ͟ ͎ͦ͋͊͡͡Έͤͦͣͯ 
͙͔͔͙ͣͤͤ͘Ό ͻ͔͙͙͊ͪ͊ͭͪͫͭ͟͟ 
̊ˢ :˶ ὢ , ὔ ὔ , ̅ ˽Σ˾ Χ

Å̏ͺͺ͔ͭ͟· ͙͍ͤ͊ͫͭͪ͊͊ΌͭͫΎ 
ͨͦ͒ ͙͔ͣΌ΅͙͔ͫΎ ͒͊ͤͤ·͔ ͫ 
͙͔͔͚ͯͫͦͪͭ͟͡

˹͍ͦ·͔ Ήͺͺ͔ͭ͟· ͍ ͚ͫͭ͊ͤ͒͊ͪͭͤͦ 
ͺ͙͙͔͘͟

ü ˴͔͙͍ͦͭͤ͟͡͡·͔ Ήͺͺ͔ͭ͟·
o ˴˥˽, ˴ ̇˿,Ήͺͺ͔ͭ͟· 
͍͙͔͚͍͙͊ͣͦ͒ͫͭ͘Ύ ͫͭͪͯͤ ͙ ͭΦ ͒.

ü ͎͔̅ͪ͊ͣͤͭ͊ͼ͙Ύ ͫͭͪͯͤ
o ˮ͙͍ͦͫͨͤͦ͊͘Ύό͊ύ͙͔͙ͫͣͣͭͪΎ, 
ͭΎ͔͗͡·͔ ͍͙͊ͪ͟͟, ͫ ͙͍ͨͤͦ͊Ύ 
ͺ͙͙͊͘͟Σ Χ

Å ͍͔͙̂͡;͔͙͔ͤ ͍·ͻͦ͒͊ ͔ͤͦͭͦͪ͟·ͻ 
;͙͊ͫͭͼ (͙͍͋͊ͪͦͤͦ, ͫ ͭͪ͊ͤͤ·ͻ 
;͙͊ͫͭͼκͭΎ͔͗͡·ͻ ͔͍ͪͦͤ͊ͤͫͦ͘)

˹͍ͦ͊Ύ ͺ͙͙͊͘͟ 
(͊͘ ͔͔͙ͨͪ͒͊ͣ͡ ˿˸ύ

ü ˹͍ͦ·͚ ͙ͭͨ ͔͙͙ͣ͊ͭͪ
o ˿͎͔ͭͪ͊ͤͭ͡·, 
͙ͣͦͤͦͨͦ͡Σ ͙ͣͪͦ͟ 
;͔ͪͤ·͔ ͒·ͪ· Χ

ü ˹͊ͪͯ΄͔͙͔ͤ ͙͔͙͚ͫͣͣͭͪ

ü ˿ͪ͟·ͭ͊Ύ ͙͒ͦͤ͊͡Σ 
ͫͺ͔͔ͪͦͤ͡·Σ Χ

Å ˥͍͊ͤ͊͡Ύ ͊͒͊͘;͊Υ 
͎͔͔͙͍ͤͪͪͦ͊ͭΈ 
ζͤͦͪͣ͊͡Έͤ·͔η ̊ˢ˶

ˮ͔͔͙͔ͣͤͤ͘ ͺ͙͙͙͘͟
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˴͍͊ͪ͟-͎͡Όͦͤͤ͊Ύͨ͊ͣ͊͘͡ ͍ ͙ͦͫͣ͟;͔͙ͫ͟ͻ ͯ͡;͊ͻ
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̏ͺͺ͔ͭ͟· ͎ͦͪΎ;͔͚ ͚ͨͦͭͤͦ͡ 
͔͙͙ͣ͊ͭͪ ͤ͊͋͡Ό͒͊ΌͭͫΎ ͍ 
͍͔͙ͫͭͦͤͦͤ͟͡Ύͻ ͭΎ͔͗͡·ͻ 
͙͍ͦͤͦ ς͟ ͙͔͊͟ ͍͙ͦͣͦ͗ͤͦͫͭ͘ 
͒͡Ύ ͙ͦͫͣ͟;͔͙ͫ͟ͻ ͯ͡;͔͚Κ

͙͙̏ͨͭ͡͡;͔͙͚ͫ͟ ͨͦͭͦ͟

ˤ·͙͍͙͔ͨͦ͊͗͊ͤ͡ ὴ-͔͍ͫͨͭͪͦ͟

˨͊͡Έ͙͔ͤ ͔ͦͪͪ͟͡Ύͼ͙͙
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DOI: 10.1088/1742-6596/1181/1/012090
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ό͍ͻͦ͒ͤ·͔ ͒͊ͤͤ·͔ύΥ

˾͙ͫͯͤͦ͟Υ ͦ͊͋ͦͪ͊͟͡͡ͼ͙ΎMADAI, Hannah Petersen͙  Jonah Bernhard

45



ˤ͍͔͙͔ͦͫͫͭ͊ͤͦͤ͡ ͻ͙ͪ͊͡Έ͚͙͔͙͙ͤͦͫͣͣͭͪ
˸͊ͫͫ͊ ͍ͫΎͤ͘·ͻ ͫͦͫͭͦΎ͙͚ͤ ͔͎͙͟͡ͻ ͍͍͊ͪͦ͟͟ 
͍͔͙ͯ͡;͙͍͔͊ͭͫΎ ͍͙ͤͯͭͪ ͺ͊͘· ˴˥˽ ->͍͔͙͔ͨͦ͒͊ͤ͡ 
“-͔͍ͣͦͤͦ͘

fl fl fl
Ὥή‎‬ή ά όό ά ӶὨὨ ά Ӷίί

͙̆ͪ͊͡ΈͤͦͫͭΈͦͤ͊͘;͔͊ͭ ͙͍͙ͤ͊ͪ͊ͤͭͤͦͫͭΈ 
͎͙͊ͪ͊ͤ͗͊ͤ͊͡(fl) ͍ ͙͔͚͍͙͚͊ͣͦ͒ͫͭ͘ ͙͔ͦͭͤͦͫͭ͡Έͤͦ 
͙͊ͫ͊͟͡Έͤ·ͻ ͔͍͙͚ͨͪͦ͋ͪ͊ͦ͊ͤ͘
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