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Air Shower
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Air Shower Reconstruction

Gamma-ray candidate event Amenomori +, PRL 123, 051101 (2019)
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Measurement of # of u in AS = y./CR discrimination
DATA: February 2014 - May 2017 Live time: 719 days
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Gamma-Ray Selection

Cosmic ray or y rays

y-ray = poor muons

Muons can penetrate underground

Air shower

AW © positron * TR

Simulated by COSMOS
Enlarged view
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- Underground muon detectors



Standard muon cut: TMu< 2.1 x 1073 Zpl2 - Optimized for the gamma-ray point-like source
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Gamma Survival ratio : ~90% by MC sim (>100TeV) CR Survival ratio : ~10-3(>100TeV) "



Data/MC Comparison
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First Detection of Sub-PeV vy (5.66)

Other detected sources in 100 TeV region
v’ G106.3+2.7 Amenomori et al., Nat. Astron, 5, 460 (2021)

Number of events

v Cygnus OB1 Amenomori et al., PRL, 127, 031102 (2021)
v" Cygnus OB2

v HESS J1843-033 Amenomori et al., ApJ, 932, 120 (2022)
v HESS J1849-000 Amenomori et al, ApJ, 954, 200 (2023)

Data vs MC
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.051101

Differential Flux x E2 (TeV cm?s™)
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No energy cutoff beyond 100 TeV
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inverse Compton model
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Tight muon cut: ZMu< 2.1 x 107# Zpl2 > One order magnitude tighter than the Crab analysis
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y-ray-like event

Distribution
Amenomori et al., PRL 126, 141101 (2021)
Gamma-ray-like events

after the tight muon cut
in the equatorial coordinates

Blue points:
Experimental data
Red plus marks:
known Galactic TeV sources

>398 TeV (1026 TeV)
38 events in our FoV
23 events in |b| < 10°
16 events in |b| < 5°

i (b)158< E(TeV) <398
P

- (c)398 < E(TeV) < 1000
.
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Correlation between UHE y-rays above 398 TeV
and 60 galactic sources from TeVCat catalog 10"
including UNID, PWN , Shell, Binary, SNR..., i
excluding GRB, HBL, IBL, LBL, BL Lac, AGN,
Blazar, FSRQ, FRI, Starburst)

Number of events

v'No excess around known TeV sources ~ ' F

v Event distribution is consistent with f

Isotropic MC -------

Diffuse Model MC =—— ||

Data >|398TeV —e—i

diffuse model 102 -

10

Distance to the closest TeV source [deg.]

/
v' High-energy e~ lose their energy quickly.
v' Cosmic-ray protons can escape farther from the source.

\_ Strong evidence for sub-PeV y rays induced by cosmic rays

~
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Energy Spectrum of UHE Diffuse y Rays

Amenomori et al., PRL 126, 141101 (2021)

-

.

After excluding the contribution from the
known TeV sources (within 0.5 degrees)
listed in the TeV source catalog

\

The measured fluxes are overall consistent

with Lipari’s diffuse gamma model

assuming the hadronic cosmic ray origin.

CR+ISM > X’s+ 710 ... > 2y

Lipari & Vernetto, PRD 98, 043003 (2018)
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Fang & Murase,
ApJ, 919, 93 (2021)
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=== Continuous Model, HAWC (2021)

—— Burst Model, HAWC (2021) w. Ej, pax = 10 PeV

A
kY ones,
74 U.L. from IceCube (2019) Y
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4+ Fermi-LAT 4FGL (2020)

Galactic Coordinates
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Significance (o)
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4 events above 398 TeV detected within 4°-radius-circle from the Cygnus

cocoon which

is claimed as an extended source by the ARGO-

YBJ/HAWC/LHAASO and also proposed as a candidate of the PeVatrons. ,,
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LHAASO Diffuse Gamma Rays

Z. Cao et al. (LHAASO Collob.) PRL, 131, 151001 (2023)
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FIG. 1. The significance maps in Galactic coordinate of the inner Galaxy region [panel (a)] and outer Galaxy region [panel (b)] above
25 TeV after masking the resolved KM2A and TeVCat sources.

LHAASO flux is a few times lower than Tibet flux,

LHAASO conservatively masks most of region / = 2°.

- This discrepancy can be explained assuming
diffuse gamma ray latitude profile.

K. Fang & K. Murase, ApJ, 957, L6 (2023)
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Tibet =~
ASy

e Tibet E > 400 TeV

(O 1LHAASO UHE sources (95% containme

1LHAASO Catalog and Tibet UHE Diffuse Events

Kato et al. ApJ, 961, L3 (2024)
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Tibet diffuse (398TeV < E < 1000TeV)
1LHAASO (E > 100TeV)

..... &
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Tibet diffuse (398TeV < E < 1000TeV)
[e] 1LHAASO (E > 100TeV)
- O
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§ o © '
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Tibet Galactic diffuse gamma rays above 400 TeV:
do NOT overlap with 1LHAASO UHE (>100 TeV) sources.
* Expected # of accidental overlap = 0.9 events

nt radius)
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Source Contribution to the Tibet Diffuse
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sources (>100TeV) outside
the Tibet Masked region
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Cygnus Cocoon

E2® dN/dE (GeV'® cm2 s sr)

1LHAASO J1908+0615u

E2® dN/dE (GeV'® cm2 s sr)

oo S Kato et al. ApJ, 977, L3 (2024)

10—7\ Lol Lol | 10—7\
10* 10° 108 10* 10° 10°
E (GeV) E (GeV)
S"“i Region A Region B _ ] ]
Tibet GDE (25°<I<100° & |b|<5°) (50°<I<200° & |b|<5°) Source Contribution is
121 TeV < 26.9%+9.9% < 24.1%+9.5% subdominant
220 TeV < 34.8%+14.0% <27.4%x11.1%
534 TeV < 13.5%*53% < 13.5%152% 23




IceCube Diffuse Neutrinos

IceCube Collaboration: Science, 380, 1338 (2023) Comparison with Tibet diffuse y-rays
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Detected by
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v’ Extended y-ray excess (Ggxr=0.24°£0.10°) >1GeV)
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v HE emissions are consistent with Tibet ASy
v’ SED for tail region favors hadronic model

Abe et al. (MAGIC Collab.), A&A, 671, 12 (2023)
Oka et al. (MAGIC Collab.), CTA workshop
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Galactic Latitude
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PeVatron Candidate: HESS J1843-033
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v Amiddle-aged PWN (7,,c=42.9kyr, d=7kpc)

v y-ray excess is coincident with the MCs

-1
283.5
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282.5
R.A. (deg.)

282

HESS J1849-000
HESS J1852-000
2HWC J1849+001
3HWC J1849+001
eHWC J1850+001
LHAASO J1849-0003
4FGL sources

SNRs (candidates)
PSR J1849-0001

4 This work (UL: 99%)

10711 4 = LHAASO J1849-0003
Hadronic 4 HESS 11849.000

Fermi-LAT (UL: 99%)

10712

E2dN/dE [ergs~tcm™2]

10713 4

10° 1010 1011 1012 1013 101 1015
Energy [eV]

v’ Proton cutoff ~5 PeV
assuming the Hadronic model
W,=~1.1x10% erg (>1TeV)

v’ Spectrum can be also modeled
with the Leptonic scenario (IC)
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Out of sight at Tibet
- New field

Go South!

Number of sources

>40 UHE sources

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

—e— Xrays Data from HEASARC and TeVCat LHAASO
—e— HE yrays ) ) . HAWC
10% 4 VHE y rays Einstein & EXOSAT Ferr&l’/:a‘l; Carpet-2
Tibet ASy|
eo— UHE yrays Fermi/LAT (3FGL) HESS
(>100 TeV) MAGIC
1034 Fermi/LAT VERITAS
HEAO A1 (1FGL) CTA
SWGO
Macomb & Gehrels ALPACA
Uhuru (4U) EGRET (3EG)
°
102 4 Uhuru (2U) EGRET (2EG) \P‘CEQP‘
O
= Rockets and 'o‘: ‘\‘((’ 1LHAASC
x balloons ©
[\ s
§ COS-B (2CG) g—f"\'\ LHAASO
= €OS-B(CG 3 HESS
10 © Sounding S-BHCG) 2nd generation IACTs
° rockets Whipple, HEGRA, CAT,
' CANGAROO, TA HAWC
] Whipple (+Mrk 501) o
] Whipple (+Mrk 421)
1004 O
McBreen et al. (Crab) Whipple (Crab) Tibet ASy (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/1996NCimC..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 A. Drake (retrieved 2017-09-28) : https://} gsfc.nasa gov/docs/heasarc/head: [h:
The data for the number of VHE (TeV) gamma-ray sources is from TeVCat maintained

by Deirdre Horan and Scott Wakely (retrieved 2017-09-28) : httpy, v hi

many_xray.html

(e.g., ALPACA [2026-], SWGO, Mega ALPACA, CTAO-south, ...) & Neutrinos
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ALPACA Project

1. Air Shower (AS) Array ~83,000m?
= 401 x 1m? Scintillation Detector
=4 times larger than ALPAQUITA
2. Underground Muon Detector (MD) ~3600m?
= Water-Cherenkov-Type, 2.5m overburden (~19X,)
56m? with 20” ¢ PMT x 96 Cells .

Ho<#R

Sa—#4>
u

A A NNV B
A A - - - A A A A ) L] L n - ]
A ®-®| ® ©® § @ ® A

o mmmou—k BAREERSE O NN\ e o N e e e
v" y-ray induced AS has much less muons

CR background rejection rate>99.9% @100TeV

v" Wide FoV (~2sr), 24-hour observation regardless day and nlght
- Angular resolution ~0.2° @100TeV

- Energy resolution ~20% @100TeV
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ALPAQUITA Air Shower Array

Chacaltaya plateau in Bolivia at 4740m a.s.l. e ~— 1m?5mm lead plate
Y%ALPACA-scale air shower array "_ — - = 1m?2 Scintillator

97 x 1m? scinti. detectors with 15m spacing Ry :
Effective area ~18,000m?2

4 (50cm x 50cm x 5¢cm x4)
' Inverse pyramid shape
7 Stainless steel box

_—
Uiy
- - ] f
- .

o

oo g ! | (White painted inside)

/' £ 2-inch PMT x1

Cosmic ray mode energy ~5 TeV [ 2023 Apr. Full operation}
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Moon Shadow Results (Apr 2023 — Apr 2024)

Sngmhcance (o)
to

exst WEST ALPAQUITA 20230407 20245430
@ Angular Resolution « 1.2deg -
g c
& 3
= =3
% o
: 5
> 2
3 k7l
° B
by @
3 >
= 3000 T
% £ Expected line <R
o
f E 000 assuming 1.2° resolution \
: 3 R N
= 3 5000
2

0 50000 100000 150000 200000

- = Number of background events

Angre Dosluv?:e (degree)
v Moon shadow is clearly observed ~10c

v The number of deficits increases linearly, ~1° angular resolution
v Shadow center is shifted 0.3° westward (by geomagnetic field)

Cosmic-Ray Observations by ALPAQUITA

Sun Shadow Results (Apr 2023 — Apr 2024)

~ Solar Maximum
ot Significance (6) g 1000

ALPAQUITA 2023/04/07-2024/04/30
2 x 8 Angular Resolution « 1.2deg -
b oo e\ E 5
b wdm J 3
R Fri
B At E
3 |2 3
R R T it I :
L V)L NCEAE rs s S
s M L el 2 Expected line ey
L S ¢ > /'?\’K E om0 assuming 1.2° resolution .
1 v 3 .,
od ot ~exlz 3 ~]
1E3 oL 3
.l m,,{ i ) 3 S
N .6 e 0 50000 100000 150000 200000

2 0 -1
ng. Distance (degree) Number of background events

v Sun shadow is successfully observed ~5¢
v' The number of deficits is half of the Moon shadow?
v Shadow center is shifted northward?

CR Energy Spectrum

""" JE) =], (::)h [l + cﬁ)’fw]*h-nwu.

. 1 p =253 0001
& f Ewzl0% Epa = 133272 000
T r.= 276 2 0001
T B T L
o : & .
& . M- T B
E e ‘ 3 ra.l
C ‘. .
s .~ o)
10 o sale, .t
3 T ALPWQUTTA ShCkndel )
= * CALET IcRCaes
. DAV KACiES
. mAvon
o e Ref: ICRCODS peesentation
Tibot, QUEIET-ORe 8D CALET all-peeticle spoctoesn
Tiher, QUSIET0NID DAMPE all-partiche spactaum
I ! I
12 125 13 135 14

I‘i‘o;_‘_lln\'!ts
» Cosmic ray spectrum with 10 days ALPAQUITA data
» Consistent with the other recent measurements within systematic error

Anisotropy of CR intensity (in Sldereal tlme)

Tibet ASr

. ~3TeV
Arnercescn ot 3, Scace. V14,470 300)

). 1

The Aurcpbpaie Avuraal E1E183 (301 3017 Faoriary S0
T

RA (deg.)

1% harmonic : A ~ (0.85£0.2)x102, $=21.9+1.6 deg. 1% harmonic © A~ (1.1405)x103, $=38215 deg.

* ALPAQUITA successfully identified an anisotropy smaothly connectad from the Tibet result.
« Combined anslysis of the ALPAQUITA and Tibet data is ongaing.
+ Anisotropy is believed to be relatad to the local CR source and local interstellar magnetic field.
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Muon Detector Construction
Excavation for 1st MD began in November 2025

Construction
i i J Nov 2025 Start
- k May 2026 1stMD
= Sep 2026 4MDs



Muon Detector Construction

Excavation for 1st MD began in November 2025

Construction

Nov 2025 Start
May 2026 1stMD
Sep 2026 4MDs
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Muon Detector Construction
Deployment of scintillation detectors around MDs will start in June 2026

Construction
Nov 2025 Start
May 2026 1stMD
Sep 2026 4MDs



Future Gamm-Ray Sensitivity

_ FOFHESS galactlc SOUFCGS v ALPACA(4MDs) will start observation in the next year
ALPAQUITA (1yr50 & 10ev) — | ¥ 99.9% BG rejection while keeping 80% of photons @ 100TeV
ALPACA (1yr50 & 10ev) —

—
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Conclusions

v’ Tibet ASy experiment successfully observed UHE gamma rays from the Crab Nebula for the
first time and opened new energy window. (Now >40 UHE y ray sources detected by
LHAASO, HAWC, H.E.S.S. and Tibet ASy )

v Tibet ASy experiment successfully observed Galactic diffuse gamma rays between 100 TeV
and 1 PeV for the first time.

v’ Tibet UHE events (>400 TeV) do not originate from LHAASO UHE (>100 TeV) sources.
Possible source contribution from LHAASO UHE sources is less than 20-30%.

v’ IceCube diffuse neutrino flux smoothly connects to Tibet ASy diffuse gamma-ray flux
assuming nt° best-fit model supporting the cosmic-ray origin.

v’ Tibet ASy experiment measured the energy spectra of a few PeVatron candidates
associated with the molecular clouds.

4 These facts indicate strong evidence that cosmic rays are accelerated A
beyond PeV energies in our Galaxy and spread over the Galactic disk.
— Search for more PeVatron candidates!

_ - Go South, ALPACA will start soon! )
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