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ŕǀǐƻǅǗǍǞǆ
ǍǓǉǋǀǎǑǅǍǒǀǄ

ʶ



ʷ

ŗǏǀǉǒǐ
ǕǎǍǎƻǎƼǎ
ǅǑǒǎǗǍǅǉƹ

őǅǍǅǅ ǏǎƼǋǎǚǀǍǅǩ ƻǎƿǎǐǎƿƹ

ŋǄǌǀǐǀǍǅǩ2K̟



ʸ

ŔǘǀǍǉǅ ǐƹǑǏǐǎǑǒǐƹǍǀǍǍǎǑǒǅ ǏǀǐƻǅǗǍǎƼǎKyÙ

ǋǅǍǅǅ
ƻǎƿǎǐǎƿƹ

ǋǅǍǅǅ
Ƽǀǋǅǩ



ʹ

ŘǀǎǐǅǅœǎƻǎǆǕǅǄǅǉǅ

variyngme, https://arxiv.org/pdf/2602.05720



ʺ

ŘǀǎǐǅǅœǎƻǎǆǕǅǄǅǉǅ

variyngme, https://arxiv.org/pdf/2602.05720

Long-lived particles,  https://arxiv.org/pdf/2602.18580



ʻ

ŘǀǎǐǅǅœǎƻǎǆǕǅǄǅǉǅ

variyngme, https://arxiv.org/pdf/2602.05720

Long-lived particles,  https://arxiv.org/pdf/2602.18580
Lepton asymmetry,  https://arxiv.org/pdf/2506.24050



ʼ

ŘǀǎǐǅǅœǎƻǎǆǕǅǄǅǉǅ

variyngme, https://arxiv.org/pdf/2602.05720

Long-lived particles,  https://arxiv.org/pdf/2602.18580
Lepton asymmetry,  https://arxiv.org/pdf/2506.24050

Primordial black holes,  https://arxiv.org/pdf/2002.12778



ʽ

ŘǀǎǐǅǅœǎƻǎǆǕǅǄǅǉǅ

variyngme, https://arxiv.org/pdf/2602.05720

Long-lived particles,  https://arxiv.org/pdf/2602.18580
Lepton asymmetry,  https://arxiv.org/pdf/2506.24050

Primordial black holes,  https://arxiv.org/pdf/2002.12778

Hadronic injection,  https://arxiv.org/pdf/2501.09120



ʵʴ

śǅǉǑƹǘǅǩ ǎǒǍǎǙǀǍǅǩĀ˖ē



ŞǀǏǎǗǉƹ
ǩƿǀǐǍǞǖ
ǐǀƹǉǘǅǆ
ǏǀǐƻǅǗǍǎƼǎ
ǍǓǉǋǀǎǑǅǍǒǀǄƹ

ʵʵ



ʵʶ

ŖƹǑǙǅǐǀǍǅǀ ŁǑǀǋǀǍǍǎǆ

ˍ



ʵʷ

ŁǞƻǎƿǞ

ņǑǋǅ ƻǞ ǏǐǅƿǓǌƹǋǅ ǍǎƻǓǨ ǒǀǎǐǅǨˋ
ǒǎ ǏǀǐƻǞǌ ƿǀǋǎǌ Ǐǐǎƻǀǐǜǒǀˋ ǉƹǉ ǎǍƹ Ǒǋǎǌƹǀǒ ǏǀǐƻǅǗǍǞǆ ǍǓǉǋǀǎǑǅǍǒǀǄ



ʵʸ

ŅǎǏǎǋǍǅǒǀǋǜǍǞǀ ǑǋƹǆƿǞ



ʵʹ

ŕǀǐƻǅǗǍǞǆ Ƽǀǋǅǆ

œǅǄǉǎǌǀǒƹǋǋǅǗǍǞǀ
ǉƹǐǋǅǉǎƻǞǀ Ƽƹǋƹǉǒǅǉǅ

ĸ ʴːʶ

https:// arxiv.org/pdf/2101.09127
https://arxiv.org/pdf/2201.06431



ʵʺ

ŔǘǀǍǉǅKÙ˖K



ʵʻ

ŔǘǀǍǉǅKÙ˖K



ʵʼ

ŔǘǀǍǉǅKÙ˖K



ʵʽ

ŋǄǌǀǐǀǍǅǩ2˖K

ZĴ ɲZĴ ɳZĴɴZĴ ːːː
ĸĕĚĆ̠ ʶːʹ

ĸ2Z̠ ʶːʷ

ǋǅǍǅǅ
ǌǀǒƹǋǋǎƻ



ʶʴ

ŋǄǌǀǐǀǍǅǩ2˖K



ʶʵ

ŋǄǌǀǐǀǍǅǩ2˖K

KMKMKMKMKM

2M2M2M2M



ʶʶ

ŋǄǌǀǐǀǍǅǩ2˖K



ʶʷ

ŋƿǀƹǋǜǍǞǆ ǑǋǓǗƹǆ



ʶʸ

ŋƿǀƹǋǜǍǞǆ ǑǋǓǗƹǆ



ŗǎƻǐǀǌǀǍǍǞǀ ǍƹƺǋǨƿǀǍǅǩ

ʶʹR. Cooke, https://arxiv.org/pdf/2409.06015



ʶʺ

œǎƻǞǀ ǎǘǀǍǉǅ2˖K

ʻʺʻ
ǑǏǀǉǒǐǎƻ
zu¦ 2
̝Wf2M u



ʶʻ

ŋǋǅˌ

ǋǅǍǅǅ
ǌǀǒƹǋǋǎƻ

ZĴ ɲZĴ ɳZĴɴZĴ ːːː



ʶʼ

ˌ

sÀĖġíÀú ZĴÿÀĀ Zíÿíġ zĴĚġÙÿ ˜ēZZz̋



ʶʽ

őǅǍǅǅKÙM

ǋǅǍǅǅ
KÙM̱̱ ˍ



ʷʴ

ŔǘǀǍǉǅ ǐƹǑǏǐǎǑǒǐƹǍǀǍǍǎǑǒǅKÙ˖K

Cooke et al. 2018,https://arxiv.org/pdf/1810.06561



ʷʵ

ŔǘǀǍǉǅ ǐƹǑǏǐǎǑǒǐƹǍǀǍǍǎǑǒǅKÙ˖K

Cooke et al. 2018, https://arxiv.org/pdf/1810.06561



ʷʶ

ŔǘǀǍǉǅ ǐƹǑǏǐǎǑǒǐƹǍǀǍǍǎǑǒǅKÙ˖K

Aver et al. 2026
https://arxiv.org/pdf/2601.22238



ʷʷ

ŔǘǀǍǉǅ ǐƹǑǏǐǎǑǒǐƹǍǀǍǍǎǑǒǅ ǏǀǐƻǅǗǍǎƼǎZí

Howket al. 2012, https://arxiv.org/pdf/1207.3081

Cooke 2024, https://arxiv.org/pdf/2409.06015
based on Molaroet al. 2024 https://arxiv.org/pdf/2407.10818



ʷʸ

œǎƻǞǀǎǘǀǍǉǅ ǐƹǑǏǐǎǑǒǐƹǍǀǍǍǎǑǒǅ ǏǀǐƻǅǗǍǎƼǎZí

ĸ2Z̠ ʴːʷ˟ɹ ːʹ

˚EÙ˖K˛ ̢ˡɻ

̡̠
KMK̀ʶˋ K2ˑŁ ǑǏǀǉǒǐ řś

ZíMŁ ǑǏǀǉǒǐǀ¦²8z˖8zsv8zzf

̡̠ Zí˖K ̠ Zí˖KsĖ



ʷʹ

ŗǏǀǉǒǐ
ǕǎǍǎƻǎƼǎ
ǅǑǒǎǗǍǅǉƹ

őǅǍǅǅ ǏǎƼǋǎǚǀǍǅǩ ƻǎƿǎǐǎƿƹ

ŋǑǒǎǗǍǅǉǅ ǅǍǕǎǐǌƹǘǅǅ



ʷʺ

ŔǘǀǍǉǅ ǐƹǑǏǐǎǑǒǐƹǍǀǍǍǎǑǒǅ ǏǀǐƻǅǗǍǎƼǎKyÙ



ʷʻ

œǀǏǐǎǑǒƹǩ ǑǅǑǒǀǌƹǒǅǉƹKyÙ



ʷʼ

ŕǐǀƿǞƿǓǚǅǀ ǅǄǌǀǐǀǍǅǩ2K̟

2˖K ̠ ˜ʶːʹʸʽ̣ɹ ːʴʶʹ˝ˆʵʴˡ́



ʷʽ

¦²8z ˖ zu¦ 2 ̝ KMv8z ˖ Wf2M u

f˫_ÙÀĖÀ Ùġ Àúː ʶʴʶʴ
ÀĖĳíıˊʁʴʵʴːʴʽʴʺʵ



ʸʴ

őǅǍǅǅ2M

¦²8z KMv8z



ʸʵ

ŏǅǍǀǌƹǒǅǗǀǑǉƹǩ ǑǒǐǓǉǒǓǐƹ ǎƺǋƹǉƹ

WíĚúíġĚĴĀ Ùġ Àúː ʶʴʶʸ
ÀĖĳíıˊʁʸʴʵːʵʶʻʽʻ



ʸʶ

őǅǍǅǩKM ZĴɲ

ˡlˡlíĀÓíıíÓĥÀúÎĆÿēĆĀÙĀġĚ
ġlĆġÀúæíġ

ĥlĀĖÙúÀġÙÓÀÌĚĆĖēġíĆĀĚ
WíĚúíġĚĴĀ Ùġ Àúː ʶʴʶʸ
ÀĖĳíıˊʁʸʴʵːʵʶʻʽʻ



ʸʷ

őǅǍǅǅ2M

¦²8z KMv8z



ʸʸ

ŖǀǄǓǋǜǒƹǒǞ ƹǍƹǋǅǄƹ

2˖K ̠ ˜ʶːʹʷʷ̣ɹ ːʴʶʸ˝ˆʵʴˡ̝́ʹǉ̧ ǒǎǗǍǎǑǒǅ



ʸʹ

ŖǀǄǓǋǜǒƹǒǞ ƹǍƹǋǅǄƹ

-ĆĆ÷Ù Ùġ Àúː ʶʴʵʼ
ÀĖĳíıˊɻʻʵʴːʵʵʵʶʽ

sÙġġíĀí̪ -ĆĆ÷Ù ʶʴʶʹÀĖĳíıˊʁʹʵʵːʴʺʶʻʹ



ʸʺ

-ĆĀæíĖÿÀġíĆĀ ÌíÀĚ

_ÎGÀĥçëˋ ʶʴʶʹ
ëġġēĚˊ˖˖ġĖíġĆĀĚġÀġíĆĀːÎĆÿ˖ʶʴʶʹ˖ʴʹ˖ʵʺ˖



ʸʻ

-ĆĀæíĖÿÀġíĆĀ ÌíÀĚ



ʸʼ



ʸʽ



ʹʴ

-ĆĀæíĖÿÀġíĆĀ ÌíÀĚ

ŕǎǍǅǌƹǍǅǀ Ǘǀǋǎƻǀǉƹˋ ǉǎƼƿƹ ǎǍ Ǔǃǀ ǏǐǅǙǂǋ ǉ ǉƹǉǎǆǒlǎ ǌǞǑǋǅ ˌ ǏǐǅǒǩƼǅƻƹǀǒ ƻǑǀ
ƻǀǚǅ ƿǋǩ ǀǂ Ǐǎƿƿǀǐǃǉǅ ǅ ǑǎƼǋƹǑǎƻƹǍǅǩ Ǒ Ǎǀǆː

śː ŀǣǉǎǍ

ŗǏǎǑǎƺǞ ǐǀǙǀǍǅǩˊ
Å ŗǋǀǏǎǆ ǌǀǒǎƿ˜vː -ĆĆ÷Ùˋ ëġġēĚˊ˖˖ÀĖĳíıːĆĖç˖ÀÌĚ˖ʵʷʴʼːʷʶʸʴ˝
Å ŅƻǎǆǍǎǆ ǑǋǀǏǎǆ ǌǀǒǎƿ
Å řǗƹǑǒǅǀ ǌǍǎƼǅǖ ǍǀǄƹƻǅǑǅǌǞǖ ƼǐǓǏǏ ǅ ƺǎǋǜǙƹǩ ǑǒƹǒǅǑǒǅǉƹ



ʹʵ

-ĆĀæíĖÿÀġíĆĀ ÌíÀĚ

sÙġġíĀí̪ +ĆĲÙĀ ʶʴʴʵ

WíĚúíġĚĴĀÙġ Àú ʶʴʶʸ



ʹʶ

ŋǎǍǅǄƹǘǅǎǍǍǞǀ ǏǎǏǐƹƻǉǅ

-ĆĆ÷Ù ̪sÙġġíĀíʶʴɻʹ


