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Highest energy photon in the laboratory

LHCF Collaboration, PLB 780 (2018) 233-239 Photon production cross section N
LHCF Arm#1 at 0 degree of \/s=13TeV p+p collisions
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Outline

* Introduction to the Astrophysics in sub-PeV to PeV
e Origin of galactic cosmic rays
e sub-PeV photon observations with air shower arrays

« ALPACA: first sub-PeV astrophysics in the southern
hemisphere

« BSM physics with sub-PeV to PeV photons
« LIV/ALP/DM/PBH:--

« Summary
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Why sub-PeV gamma rays”?
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Gaisser et al. Front.Phys.(Beijing) 8 (2013) 748

Galactic protons are thought to be accelerated up to
PeV (~knee)

« Where are their origins?

« Are CRs up to 100PeV (~2" knee) heavy nuclei?

Sub-PeV gamma rays point to the sources of PeV CRs
p(E)+ISM - X + 1% - X + 2y(~0.1E)

Diffuse gamma rays tell us the CR distribution in the
galaxy.

Highest energy gamma rays tell us the acceleration limit
in energy/nucleon.

Especially in the
southern hemisphere,

near the Galactic center!!

« Where are the CR sources?
« What is the maximum acceleration energy (/nucleon)?
« How do they propagate in the galaxy? 4




Gamma-ray sky

https://fermi.gsfc.nasa.gov/ssc/

http://tevcat.uchicago.edu

HESS: A&A 612, A1 (2018)



Air shower measurements and PID

» Air shower observation is essential to detect low flux sources
« BG is enormous hadronic CR showers
« Number of penetrating muons 2m underground is used for hadronic/EM
shower separation
« Technic is established by the Tibet ASy Collaboration
Crab analysis by Tibet AS y Collaboration
PRL 123, 051101 (2019)
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Shower size measured by the ground array

Ground surface ‘ 6



PID in the Tibet experiment

(b) E>100 TeV
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First >100TeV detection from Crab in.2019

Tibet AS y Collaboration, PRL 123, 051101 (2019)




Dawn of sub-PeV gamma-ray astronom
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Tibet AS y Collaboration,
Nature Astron., 5, 460-464 (2021)
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HAWC Collaboration, Nature Astron., 5, 465-471 (2021)
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Tibet AS y Collaboration,
PRL 123, 051101 (2019)

LHAASO Collaboration,
= BISTOMRENA  Chin. Phys. C45, 023002 (2021)*

HAWC Collaboration,

Ap) 881:134 (2019) Tibet AS y Collaboration, PRL 126, 141101 (2021) LHAASO Collaboration,

Nature, 594, 33-36 (2021)




Gamma-ray sky

>400TeV Diffuse gamma rays
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Tibet AS y Collaboration, PRL 126, 141101 (2021)
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LHAASO Collaboration, arXiv:2305.1703v1 (2023)

HESS: A&A 612, Al (2018)



Gamma-ray sky

>400TeV Diffuse gamma rays

n Southern sky
KM2A (E > 25 TeV) Sign is nOt covered 20
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HESS: A&A 612, Al (2018)



ALPACA

(Andes Large area PArticle detector
for Cosmic ray physics and Astronomy)
Mt. Chacaltaya, Bolivia
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ALPACA Array

Lead plate

1. Array coverage 82,800m? Leadplate
=401 x 1m? plastic scintillators N

2. Underground water Cherenkov
muon detector (MD) 3700m? pS—
Signat cable?

SO|| over 2m (~16)(()) Fast timing PIT
= 58m? with 20"¢[P|\/|Tu X 6}4 Cee”S

HV cable

{
= 1m? AS Detector x (97+304) (82,800 m?)

v" Cosmic-ray BG rejection power >99.9% @100TeV. e,
v' Angular resolution ~0.2° @100TeV, Energy resolution ~20%@100TeV ‘

v 100% duty cycle, FOV 6,6,<40° (well studied), 8,,,<60° (in study) 13



ALPACA Project

1. Air Shower (AS) Array ~83,000m?
=401 x 1m? Scintillation Detector
2. Underground Muon Detector (MD) ~3600m?
= Water-Cherenkov-Type, 2.5m overburden (~19.X)
56m? with 20"¢Pl\ﬂ' x 96 Cells
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v' Gamma-ray air shower has much less muons.
Background cosmic rays can be rejected by >99.9% @ 0 eV
v Wide FoV (~2sr) observation regardless day/night and wegt
- Angular resolution ~0.2° @100TeV }
- Energy resolution ~20% @100TeV




ALPAQUITA Air Shower Array

“ALPACA-scale air shower array
1m?2 scintillation detector x 97 with 15m spacing
Effective area ~18,000m?

1m? 5mm lead plate
1m? Scintillator
| (50cm x 50cm x 5cm x4)

Inverse pyramid shape
Stainless steel box
~ (White painted inside)

Construction status:
2022 Jun. Deploy detectors

Air Shower Trigger Condition : 2022 Sep. Partial operation
Any 4 detectors with >0.6 particles within 600ns .
- Air shower trigger rate ~280Hz 2023 Apr. Full operation

Cosmic-ray mode energy ~7 TeV

15






ALPAQUITA Air Sho

y-ray/cosmic ray
' Interaction with atmosphere
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Secondary particles (Air shower)
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conical shape fitting

»” Surface particle detector
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Air Shower Array

1. Relative arrival timing (Color scale)
2. Number of particles (Circle size)
- Reconstruct direction and energy

17



Relative position [m]
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Moon Shadow Detection

- Successfully detected at 6.7

- Westward shift ~0.2° as expected

April 7, 2023 - July 16, 2023 (83 days)
With cable length correction

- Moon shadow verified ~0.9° resolution
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ALPAQUITA sensitivity

10-10 .

ALPAQUITA (1yr50 & 10ev) —
ALPACA (1yr50 & 10ev) ==
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3

Energy (TeV)
S.Kato et al., Experimental Astronomy (2021) 52:85-107

Site photo + CG image of MD by design company

Construction of underground muon detector starts
in 2024 => completion of ALPAQUITA

Completion of full ALPACA in 2025

A few bright TeV sources are within the
ALPAQUITA 1yr sensitivity

Half of the known southern TeV sources are within
ALPACA 1yr sensitivity

’ Many sub-PeV sources will be discovered in the coming years. 21




BSM physics
with sub-PeV to PeV photons



How Astro photons tell us BSM?

log(F)

log(E)

Astro photons have generally power law energy spectrum



How Astro photons tell us BSM?

log(F)

log(E)

High-energy cutoff is expected due to the acceleration limit



How Astro photons tell us BSM?

Protheroe & Meyer Phys. Let. B, 493, 1 (2000)

log(F)

T
it violation

N W s o

log(E)

Photon-photon interaction leads more suppression at high energy (distance dependent)



How Astro photons tell us BSM?

Protheroe & Meyer Phys. Let. B, 493, 1 (2000)

log(F)

it violation

N W s o

log(E)

Photon-photon interaction leads more suppression at high energy (distance dependent)

Test of QED at PeV 27




How Astro photons tell us BSM?

Protheroe & Meyer Phys. Let. B, 493, 1 (2000)

log(F)

it violation
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log(z,,/Mpc)

infrases

log(E)

* Some BSM scenarios predict a sharp cut off

« Some BSM scenarios predict less attenuation
=> Detection or non-detection of high-energy photon can constrain the BSM scenatios



| orentz Invariance Violation (LIV)

HAWC Collaboration, PRL 124, 131101 (2020)
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Diffuse photons and BSM

.
log(z,,/Mpe)

¥ :
photon-photon :
attenuation

Tibet AS y Collaboration, PRL 126, 141101 (2021)



Diffuse photons and Axion-Like Particle (ALP)

Evidence of PeV CRs trapped in our galaxy

: ' can some of thembe | ...
“r -[lextragalactic via ALP? |

Tibet AS y Collaboration, PRL 126, 141101 (2021)
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Diffuse photons and ALP

C. Eckner and F. Calore, PRD 106, 083020 (2022)

107 10~ - Astrophysical
Tt e s PR RS R A i S > ILx (model)
_: g (25°</<1mr’_;|_ T: —_ T
Lo TE 10 -_j—i_ ,,,,,
= = ALP flux (model)
3 3 normalized by
2 19 " lceCube v flux
‘Eﬂ ;,’,:A:N”;;‘:\IO’” Gev! EJ ;”:~1201 “:\{n*” Gev™!
10" 10! 10° 10° 10" 10! 10%
E [TeV] E [TeV]
+ Interstellar Emission (IE; diffuse emission) and
_ contribution from sub threshold sources (sTH)
= are modeled
< + ALP contribution is modeled assuming star-
s e, forming galaxy sources, its evolution,
_— normalization by lceCube v flux with mg and gg,
. 1E (k) free parameters
T T TR e

+ Limitin gqy, as a function of mg

my [eV] 32



Summary

* Astrophysics reach sub-PeV to PeV photons since 2019
e Tibet, HAWC and LHAASO
« individual source and diffuse emission
« all observatories in the northern hemisphere

* First southern observatory ALPACA

« many sub-PeV to PeV sources will be revealed
« some of them will be PeV CR accelerators

* sub-PeV to PeV photons test new physics BSM
« LIV/ALP/DM/(annihilation and decay)/PBH/---
« ALPACA can provide “Pel/ beams”to test BSM scenarios

33



