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Gamma-Ray Bursts (GRBs)
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▶ in the 70s, Vela satellites discovered unexpected
γ-ray flashes coming from the outer space

▶ in 1991, GRB detections by BATSE (on board of
Compton-GRO) indicated that the bursts are
distributed uniformly over the sky

▶ GRBs are broadly classified into two categories
based on the duration (long t ≳ 2 s ; short t ≲ 2 s)

▶ origin: core-collapse of a massive star (GRB 980425)
or mergers of binary systems (GRB 170817A)



GRB 221009A Discovery

Very-High-Energy Gamma-Ray Burst 3 / 19 Invisibles23 Workshop, Göttingen, August 2023



GRB 221009A Discovery
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Williams et al., 2302.03642

An et al., 2303.01203

▶ Detection by HXMT, JWST, AGILE, KONUS-Wind, GECAM-C,
GRANDMA, SIRI-2, BepiColombo, Voyager 1 and many others



GRB 221009A Properties
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▶ GRB 221009A was truly exceptional: by a large margin, it is the GRB
with the highest fluence and peak flux ever recorded
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GRB 221009A Properties
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Very-High-Energy Photons from GRB 221009A
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▶ 18 TeV γ detected by LHAASO,
251 TeV γ detected by CARPET-2 (?!)

MAGIC, Nature (2019)

▶ previous record holder – TeV γ from
GRB 190114C



LHAASO Observation of GRB 221009A
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LHAASO, Science (2023)

▶ 6000 s long observation

▶ LHAASO Water Cherenkov
Detector Array (WCDA) detected
≳ 6× 104 photons in [0.2,7] TeV

▶ 18 TeV γ is from LHAASO-KM2A



SM Explanation of the 18 TeV Photon?

Very-High-Energy Gamma-Ray Burst 9 / 19 Invisibles23 Workshop, Göttingen, August 2023

Φ = Φ0 Exp[−τ(E , z)]

Baktash, et al., 2210.07172

Zhao, et al., 2210.10778

LHAASO⇒



BSM Explanations
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▶ BSM can come in handy for effective reduction of the optical depth τ

γ BSM γ⇒ ⇒

▶ analogy with light-shining-through-walls experiments



BSM Explanations
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▶ ALPs: 2210.05659, 2210.08841, 2210.10022, 2210.13120, 2210.15857,
2210.07172, 2211.02010, 2211.06935, 2304.01819, 2305.05145,
2307.08313, 2307.10382

▶ Sterile Neutrinos: 2210.14178, 2211.00634, 2211.02028

▶ LIV: 2210.06338, 2210.11261, 2211.01836, 2212.02436, 2306.02962,
2307.14256, 2308.03031

▶ Others: 2212.03477, 2301.02258, 2308.06172

https://arxiv.org/abs/2210.05659
https://arxiv.org/abs/2210.08841
https://arxiv.org/abs/2210.10022
https://arxiv.org/abs/2210.13120
https://arxiv.org/abs/2210.15857
https://arxiv.org/abs/2210.07172
https://arxiv.org/abs/2211.02010
https://arxiv.org/abs/2211.06935
https://arxiv.org/abs/2304.01819
https://arxiv.org/abs/2305.05145
https://arxiv.org/abs/2307.08313
https://arxiv.org/abs/2307.10382
https://arxiv.org/abs/2210.14178
https://arxiv.org/abs/2211.00634
https://arxiv.org/abs/2211.02028
https://arxiv.org/abs/2210.06338
https://arxiv.org/abs/2210.11261
https://arxiv.org/abs/2211.01836
https://arxiv.org/abs/2212.02436
https://arxiv.org/abs/2306.02962
https://arxiv.org/abs/2307.14256
https://arxiv.org/abs/2308.03031
https://arxiv.org/abs/2212.03477
https://arxiv.org/abs/2301.02258
https://arxiv.org/abs/2308.06172


ALPs
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Carenza, Marsh, 2211.02010

▶ γ to ALP conversion
▶ in the jet
▶ in the host galaxy
▶ in the extragalactic space

▶ ALP to γ conversion in the Milky Way

▶ various scenarios involving ALPs reviewed in 2211.02010 and
2211.06935

https://arxiv.org/abs/2211.02010
https://arxiv.org/abs/2211.06935


ALPs
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Carenza, Marsh, 2211.02010

▶ extrapolation of the flux measured
by Fermi to higher energies

▶ time dependence of the flux
during observations?

▶ LHAASO-KM2A and CARPET-2
flux measurements are essential

2203.04319



Sterile Neutrino
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▶ neutrino origin of high-energy GRB γ

▶ IceCube set constraints on the ν flux

▶ νs flux suppressed by sin2 θ with respect to the active one

▶ νs decay to a neutrino and a photon in the Milky Way

▶ scenario with O(MeV) νs studied in 2211.00634

▶ additional BSM that increases Br(νs → νγ) required (left-right, Zee?)
for explaining 18 TeV LHAASO event

https://arxiv.org/abs/2211.00634


Sterile Neutrino
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▶ scenario with sub-MeV νs studied in 2211.02028

▶ additional BSM required ⇒ utilize different νs mass dependence in Γ

VB, Li, 2211.02028

VB et al., 2302.10965

▶ non-standard cosmology required (to address sin2 θ ≲ 10−2)

https://arxiv.org/abs/2211.02028


The Model
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▶ consider TeV-scale scalar leptoquark S1 ∼ (3̄, 1, 1/3)

▶ assume dominant coupling with the third family of quarks

▶ benefits: (i) avoiding large Yukawa suppression in radiatively induced µν

(ii) addressing flavor anomalies

LS1 ⊃ y1 b c
R NR S1 + y2Q3

LL
i c
L S†

1 + h.c.

d ≈ e y1y2
8π2m2

LQ
mb log

m2
b

m2
LQ



ALP & Neutrino
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▶ ν from GRB 221009A decays to ALPs

▶ ALP converts to γ in the
galactic magnetic field

▶ neutrino scatters on CνB (νν → aa)

▶ ALP converts to γ in the
galactic magnetic field

Huang et al., 2212.03477

Bernal et al., 2307.10382



Lorentz Invariance Violation (LIV)

Very-High-Energy Gamma-Ray Burst 18 / 19 Invisibles23 Workshop, Göttingen, August 2023

▶ modification of the threshold for the γγ pair production interaction
(γ + γ → e+ + e−)

E 2 − p2c2 −m2c4 ≃ ±E 2
(

E
ξnEPl

)n

Ethr =
m2

e
Eγ

∓ 1
4(1− 2−n)

(
Eγ

ξnEPl

)n
Eγ

Jacob and Piran, 0810.1318

Zheng et al., 2211.01836

subluminal



Summary
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▶ among all detected GRBs to date, GRB 221009A broke the record for
both the highest flux and the highest photon energy detected

▶ given the distance of the source and the ≳ 10 TeV energies involved,
the optical depth, τ , may appear too large ⇒ attenuation of the γ
flux

▶ while the no-new-physics explanation is by no means strongly
disfavored, several BSM explanations aid in the reduction of τ

▶ these new physics scenarios involve ALPs, sterile neutrinos and
models with Lorentz invariance violation


