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§ The Tibet ASy experiment
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~Tibet Air Shower Array
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O Site: Tibet (90.522°E, 30.102°N) 4,300 m a.s.l.

Present Performance

O # of detectors 0.5 m2 x 597
O Effective area ~65,700 m? \
O Angular resolution  ~0.5° @10TeV AR
~0.2° @100TeV
O Energy resolution ~40%@10TeV vy \ \
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Muon detectors o

v 2.4m underground (~515g/cm? ~9.X;)
v' 4 pools, 16 units / pool
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§ First detection of UHE (>100 TeV)
y rays



Gamma-ray Emission from Crab
Data vs MC
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First detection of sub-PeV vy (5.60)

UHE vy-ray astronomy started!
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Energy spectrum (Crab)

Amenomori+, PRL, 123, 051101, (2019)
The highest energy vy ~450 TeV
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Thick curve : the expected flux by the inverse Compton model
normalized to HEGRA data Aharonian+, ApJ, 614, 897 (2004)



§ Sub-PeV diffuse y rays
from the Milky Way galaxy



CR MC
VS.
DAT
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Fvent Distribution oy (g
>100 TeV (Fig.]_)
Tight muon cut

Amenomori+., PRL 126, 141101,(2021)

Blue points:
Tibet AS +MD
(Circle size o< Energy)

Red plus marks:
TeV sources
(TEVCat Catalog) P& = | T ;(q)_s‘saf E(TeV) < 1000

>0.398 PeV (10%° TeV)
38 events in our FoV

—2>Not from known TeV sources!
& No signal > 10 TeV around them

Equatorial coordinates 15




Distribution of distance to the closest TeV

source (deg) for events > 0.398 PeV
Amenomori+., PRL 126, 141101,(2021)
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Surprisingly, no peak around 0 -> no correlation with known TeV sources!
Diffuse Model: Lipari & Vernetto, PRD 98, 143003, (2018)



Number of sub-PeV events observed by Tibet

AS+MD array in the direction of galactic plane

Highest gamma-ray energy = 0.957 (+ 0.166 - 0.141) PeV
(Eres ~ 10 % around 400 TeV & energy scale uncertainty ~13% in quadrature)

TABLE S1. Number of events observed by the Tibet AS+MD array in the direction of the galactic plane. The galactic
longitude of the arrival direction is integrated across our field of view (approximately 22° < [ < 225°). The ratios (a) of
exposures between the ON and OFF regions are 0.135 for |b| < 5° and 0.27 for |b| < 10°, respectively.

|b] < 5° |b] < 10°
Energy bin Non NBc Significance Non NBa Significance
(TeV) (= aNorr) (o) (= aNorr) (o)
100 — 158 513 333 8.5 858 655 6.6
158 — 398 117 58.1 6.3 182 114 5.1
398 — 1000 16 1.35 6.0 23 273 5.9

TABLE S2. Galactic diffuse gamma-ray fluxes measured by the Tibet AS+MD array.

Energy bin Representative F Flux (25° <1< 100°,|b| < 5°) Flux (50° < 1 < 200°,|b| < 5°)
(TeV) (TeV) (TeV™' ecm™2 s7! sr™ 1) (TeV™' ecm™2 st srt)

100 — 158 121 (3.16 +0.64) x10~° (1.69 +0.41) x10~*°

158 — 398 220 (3.88 £1.00) x10~'° (2.27 £0.60) x10~*°

398 — 1000 534 (6.86 15:30) x10717 (2:99 T955) %10~

Amenomori+., PRL 126, 141101,(2021) 17



# of ev

# of ev

Galactlc Iatltude distributions

Number of excess

0
"= ()100 E(T eV) < 158

Number of excess

Amenomori+., PRL 126, 141101,(2021)

Shaded Histograms: Model shape
normalized to DATA (|b|<5°)|

Model: Lipari & Vernetto,
PRD 98, 143003, (2018)
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> Models: Lipari & Vernetto, PRD 98, 143003, (2018)
4 10 ev f
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Cygnus Cocoon Region

We found 4 events In the circle with radius 4°

- -~
ot S ———

\[C-Ma

b(°)

Abeysekara et'al., Nature Astronomy (2021)
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v' 10 decay model (n® shoulder)
v’ Spectral softening >10 TeV
—>CRs escape from the source
a long time ago?
v’ Spectrum extends up to PeV?

o

/\/ Star forming region (Cyg. OB2) \

/

398 < E (TeV) <1000

—==Continuous Model, HAWC (2021)
—— Burst Model, HAWC (2021) w. Ej, nax = 10 PeV
0104 TS
10~ T
Fang & Murase .
ApJ, 919, 93 (2021) 4
40% FpB
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Diffuse -
ray Model

Lipari & Vernetto,
PRD (2018)
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0.398 - 0.957 PeV
gamma rays

-

v’ Gamma rays are coming isolated from known gamma-ray sources.
— Electrons lose their energy quickly, so they should stay near the object.
— Protons don't lose energy and can escape farther from the object.

~

Strong evidence for sub-PeV vy rays induced by cosmic rays

22



Scientific Interpretation

0.398 - 0.957 PeV
gamma rays

Galactic coordinates

P
v’ This is the first evidence for existence of PeVatrons, in the past and/or present

Galaxy, which accelerate protons up to the Peta electron volt (PeV) region.
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Scientific Interpretation

High-energy Interstellar High-energy
cosmic rays matter gamma rays

Radio (21cm) HI Ma
Figure from slide presented by A. Kadpa (Bergische H artma(mn ot 2:1| (199% This WO rk

Universitdt Wuppertal) at CRA2019 workshop Dickey & Lockman (1990)

a O
v’ This work proves a theoretical model that cosmic rays produced by

PeVatrons are trapped in the Galactic magnetic field for a long time

forming a pool of cosmic rays.
N /
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LHAASO Experiment (ICRC2021)

S. P. Zhao ICRC2021
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Composition Dependence

(ICRC2021)
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§ Future Prospect & Summary



UHE y-ray astronomy E > 100 TeV (ICRC2021)

Kifune plot (Credit: Stephen Fegan) + UHE y rays

| —— Xrays Data from HEASARC and TeVCat LHAASO
—e— HE y rays . . Fermi/LAT HAWC
104 VHE y rays Einstein & EXOSAT Er?lllFGL} Carpet-2
: Tibet AS,
Fermi/LAT (3FGL) HESS
MAGIC
103 - Fermi/LAT VERITAS
o HEAO A1 (1FGL) CTA
E b & Gehrel SWGO
5 Macom ehrels
ALPACA
3 Uhuru (4U) EGRET (3EG)
o G
5 10°- Uhuru (2U) EGRET (2EG) \?c%?c; ?
'E - ﬁﬁﬂd‘%’?‘
= — Rockets and LN
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‘= CANGAROO, TA
S Whipple (+Mrk 501)
© Whipple (+Mrk 421)
1094 - ©
: McBreen et al. (Crab) Whipple (Crab)
1960 1970 1980 1990 2000 2010 2020 2030
Year

Draw the "Kifune" plot - the integral number of high energy sources detected as a function of year - in the style of a plot developed
by Tadashi Kifune (for example http://adsabs.harvard.edu/abs/1996MCimC..19. 953K).

The data for the number of X-ray and HE {GeV) gamma-ray sources come from a page on HEASARC maintained

by Stephen &. Drake (retrieved 2017-09-28) : '1ttp5:.-",-"masarf_.ﬁsfr_.-1asa.f_!::--.-;'d-:cs,"'masa|'-;.-"I~|_La::atcs;"'1-:n—.- rany xray.htmil

The data for the number of VHE (TeV) gamma-ray sources is from TeVWCat maintained

by Deirdre Horan and Scott Wakely {retrieved 2017-09-28] htt:J:,-';"t-:'e'cat.J:I*icaﬂc.f:du"

v Tibet ASy experiment opened a new energy window UHE (>100 TeV).
v A dozen of UHE y-ray sources discovered (Tibet ASy, HAWC, LHAASO) in

northern sky.
- UHE y-ray observatories necessary in southern hemisptiere




Go South! (e.g., ALPACA [2022-24], Mega ALPACA, SWGO,

CTA, ...) & Neutrinos

Galactic coordinates

Galactic ¢ :
» (@Galactic center

p|a§ .

Out of sight at Tibet

- New field

v’ PeVatron hunting in Northern and Southern hemispheres
v’ Blackhole at the Galactic center ( A candidate of PeVatron)
v Hot gas bubble around the Galactic center

v’ Survey heavy dark matter search

&

~
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&G Summary

Unravellng 60-Year OId Mystery, o

v leet ASy exg erlment Flrst detectlon ofw‘UHE (>1OO TeV) y-rays
from Crab ]ﬁ and Opemr]g of UHE y-ray astronomy

> Now, a dozen of UHE y-ray sources dlscovered ﬁ‘% oF &
by leet ASy, HAWC LHAASO. ' o
-

,"-;.:-f"jﬂij;.mEt ASy experlment Flrst detectron of sub-PeV dlffuse gamma
.~ . rays from our galaxy e T T _,

- _>Evidence for existence on
in past and /or present Milky Way galaxy

->Experimental verification for the theoretical model of
high-energy “cosmic-ray pool” in Milky Way galaxy

v’ Future prospect: Go South! & Neutrinos
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Gamma-like Event from the Crab
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Amenomori +, PRL 123, 051101 (2019) S50 improves E resolutions (10 - 1000 TeV)

2> ~40% @10 TeV, ~20% @100 TeV
K. Kawata +, Experimental Astronomy 44, 1 (2017) **



Amenomori+, PRL, 123, 051101, (120919)
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Relative muon number distribution
for events > 0.398 PeV
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Arrival Directions of the 38 events (> 0.398 PeV)
See PRL supplemental materials

TABLE S3. Event IDs and arrival directions in the equatorial coordinates (Right Ascension, Declination) of the gamma-ray
like events with 398 < E < 1000 TeV observed by the Tibet AS+MD array during period between February 2014 and May

2017.
TASG R.A. J2000 Dec. J2000
Event ID (degrees) (degrees)

TASG-D01-001 18.74 95.31
TASG-D01-002 26.44 68.23 .
TASG-D01-003  35.21 se46  Amenomori+., PRL 126, 141101,(2021)
TASG-D01-004 49.16 44.38
TASG-D01-005 55.90 43.25
TASG-D01-006 62.31 38.11
TASG-D01-007 63.13 55.26
TASG-D01-008 63.72 34.74
TASG-D01-009 67.01 46.54
TASG-D01-010 96.16 9.02
TASG-D01-011 98.31 11.21
TASG-D01-012 99.60 1.58
TASG-D01-013 114.74 —7.955
TASG-D01-014 127.01 38.26
TASG-D01-015 174.45 24.48
TASG-D01-016 183.43 39.60
TASG-D01-017 228.12 26.53
TASG-D01-018 230.56 44.40
TASG-D01-019 243.22 66.27
TASG-D01-020 255.47 26.46
TASG-D01-021 256.49 356.31
TASG-D01-022 261.10 25.56
TASG-D01-023 264.29 17.95
TASG-D01-024 284.38 4.50
TASG-D01-025 286.96 7.96
TASG-D01-026 290.28 16.36
TASG-D01-027 291.45 10.03
TASG-D01-028 293.62 20.36
TASG-D01-029 295.63 2.30
TASG-D01-030 297.17 13.82
TASG-D01-031 305.44 44.21
TASG-D01-032 307.08 39.02
TASG-D01-033 308.69 43.92
TASG-D01-034 309.49 51.05
TASG-D01-035 312.33 40.23
TASG-D01-036 320.32 49.46
TASG-D01-037 354.97 49.65

TASG-D01-038 359.96 59.19




