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[1lnaH AoKnaaa

* O630p pe3ynbTaToB akcnepmmeHTa Telescope Array (TA) [no aoknaay
[.W. Pybuosa Ha BKK/12026]

e 0630p pe3synbraToB akcnepumeHTa LHAASO [no aoknaay Zhiyong
You Ha BKK/12026]

 0630p npoekTta TAIGA-100 [no aoknaay P./1. MoHxoeBa Ha
BKK/12026]
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l Telescope Array observatory

* The Ic:rges’r cosmic ray observatory in the northern hemisphere

Scientific Goals

* Origin and nature of the ultra-high energy
cosmic rays:

* spectrum, composition, anisotropy
* Physics of high energy hadronic interactions
* Multi-messenger and interdisciplinary studies
* photons, neutrinos, dark matters

* thunderstorms, terrestrial gamma-ray

flash
Telescope Array * meteoroids
- Delta, Utah, USA. ~1400 m above sea level * Development of the next-generation

- Collaborators from HiRes, AGASA and other institutes experiments



Telescope Array observatory
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Surface Detector (SD)

230cm
V| g e U o O
- 3m2x 1.2cm x 2 layers
- WLSF: ¢ Tmm 2cm spacing
- PMT for each layer Uppéc PMIT
’ Wireless
LAN g e
- Solar g 5m x 52WLSF 5m x S2WLSF | ;="
Luv_vsr l_’M'I'
T00cm ‘
: 20mm : 3(11.95[2‘]“

.
/ | —~Tyvek shmth

1.0mm Upper & Lower layer are divided in optics

Stainless

- 507 plastic scintillation stations
- 12bit 50MHz FADC x 2 layers . 2
. CPU:Renesas SHa@smiz).| - 2 layers, 1.2 cm thick, 3 m* area

- GPS, WLAN-mod _ ; . _
. Chargecom’r"o"e‘:’“ 1.2 km square grid spacing covering
~700 km?



TA Low Energy extension (TALE)

sl AEF] 1200 mspacing | * Low energy extension of TA
Y e sensitivity down to ~10'° eV
: : L * Hybrid measurement
1o e B0 i ' e - 10 FDs observing higher
=~ [000'm Smehg T SoF elevation of 31°-59°
o S wf - 80 SDs with 400-600 m
—— § ME spacing
[“)'fjd'“/ A » g :: - 50 SDs with nearly 100 m
Lrre = : spacing

TALE SD array /7 * Precise measurement of the

composition
- FDs since Sep. 2013

- SDs since Nov. 2017
- 100 m SDs since Nov. 2023
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l TAx4 pro;ect ~3000 km?
T

TAx4 North

* TA4 motivation

- greatly increase the data
sample at the highest
energies in order to identify
UHECR sources

* SDs
- 500 new SDs at 2.08 km
spacing
- 257 deployed thus far and
operational since 2019

* FDs

- 12 telescopes deployed and
operational

- 4 North and 8 South




From 10 eV to more than 102%° eV
within one observatory

)

. Y A i '|"|' |
E; I “.'-" + |
7
X
% 24
€ 10°F a  1asD(2019) %
. = L
> = —
o _ TALE Monocular (2017) -
-
X -~ e TA Combined (2019) |
(3]
Ll - -
s srys L riia baissisiiiy Leesaasaas Lswiaa s g I
15 16 17 18 19 20
Iogw(E/eV)

10



The Pierre Auger Observatory
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Sub-array of 750 m  |* s
(63 stations, 23.4 km?2) B

Underground muon
detectors (24+)

Pierre Auger Observatory
Province Mendoza, Argentina
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Configuration
until
31.12.2022

4 fluorescence detectors
(24 telescopes up to 30°)

More than 400 members, * Water-Cherenkov
98 institutes, 17 countries f 0 detectors and
g 1665 surface detectors: Fluorescence
Southern hemisphere: Malargue, water-Cherenkov tanks telescopes
Province Mendoza, Argentina (grid of 1.5 km, 3000 km?)




AugerPrime | Motivation & instrument

Motivation

. ; ‘ &
Given new paradigm of heavier (72500m L‘p?;‘ng)
composition with increasing 5 km?2
energy, need more sensitive (433 m spacing)

measurements on event-by-
event basis to:

understand tensions with
hadronic interaction models

achieve good event-by-event
discrimination of light/heavy Scintillator-Surface

particles Detector (SSD)
perform composition-
enhanced, rigidity-based
studies of arrival directions

and we need this with a
very large exposure
and full sky coverage

Underground Muon
Detector (UMD)

D. Sch

idt, ICRC 2025



JHepreTnyeckmnm CrnekTp

e



l Greisen-Zatsepin-Kuzmin cutoff

END TO THE COSMIC-RAY SPECTRUM? 1 9 6 6 0 BEPXHE! TPAHMIIE CIEXTPA KOCMIMECKIX IVYEd

Kenneth Greisen

Cornell University, Ithaca, New York

(Received 1 April 1966) T.T.3anemud, B.A.Kyssuum
The primary cosmic-ray spectrum has been 7.2

measured up to an energy of 10*° eV,! and sev- B HeNABEEX N3MODEHEAX [™? }depmﬂ' MOWHOE NB0TPONHOE Tel-
eral groups have described projects under de- .
velopment or in mind® to investigate the spec- J0BOE HBJXY9CHES BOBHBHOI, od.lam:nae, ODO—-BHJMMOMY, Dacupenese-
trum further, into the energy range 10*'-10%2 eV. umen IlmAuRAE ¢ Team 2T BoE R —
This note predicts that above 10%° eV the pri- PaTy] T * - CTh 970I0 NSXYVOHRH
mary spectrum will steepen abruptly, and the raropa ( Nz 550 @NHDB/CHS, k']_‘ ~ 2’5.]:0-4.33}. 9T0 BOSHERADT
experiments in preparation will at last observe
it to have a cosmologically meaningful termi- cnemajrveckne sfperTH NpH MPOXOXNeHHMH YeépPesS HEro KOCMEYEeCKHEX xyqed
nation.

CPEPXBHCOKHX SHepPIEfl, B 4ACTHOCTH OOpeSaHEe CIEKRTDPA KOCMEYEeCKEX
xyseft B obmacr I0°0 ex,

p+21k — AT = n+ 7" | Heavy nuclei photodisintegrate

E > 10197 eV — p+7° | at the same energies 14



l 16-year TA SD Spectrum

Data collection: 2008-05-11 through 2024-05-10

- Cutoff feature at 10983 eV

T L] 1 T I ] L] ] L] I T L] T L] I L] T I L] L) l )
10% 3 = ), 173.7
[ - Nobs: 97
— , _2.83+0.04 o Chance probability: 1.6x10°1°, ~6.30
™ - -3.281+0.02 -2.62+0.03 -4.61£0.41 A
i R | - Shoulder feature at 10'%-1° eV
% X N,,.: 2156.4
N'E 1024 — IOg Eshoulder * = Nobs: ]92]
€ - =19.15 £0.08 % ] Chance probability: 1.3x107, ~5.20
® . ! ]
— B log E_ ie log E | \ 71 - We observe the softening feature in
- | 9 Ecutoff \ _
Tu = 1870 =001 =19.83 =£0.03 the northern hemisphere at 1019:15£0.08
\ eV with a 5.20 significance, while
102 x%/ndf  18.40/(23-8) —|  Auger sees it at 1019155003 gV (with
- prob l 0.24 | | | | 3 +9% energy rescaling).
18.5 19 19.5 20 20.5 - TA and Auger agree well.
Iogm(E/eV) 15



TA SD spectrum:
Composition dependence

K. Fuiisue, PoS(ICRC2025)259

T * Demonstrated the systematic

d Yoo v 8 1 impacts from the primary mass

o ¢ 9 . LR LI T o ;

L R R RER 1 assumption and the hadronic

; 107 0 M N

= ¢ interaction model on the measured
7 $ TA, proton (QGSJET 11-04) ? I cosmic-ray energy spectrum.

= ¢ TA, Fe (QGSJET II-04) I

x TA, proton (QGSJET 11-03) * Energy-dependent bias was studied
X ¥ (UHECR2024) _ :

W g-1] & Auger (PRD2020) ‘ with extreme case of pure-iron MC

T 150 ’ : : ' = simulations at entire energies.

[
8% ] l * The discrepancy of the energy
ST 1.00- . y ;
Ei . P RAESS e } spectrum at higher energies was not
= 0.75 1 .

@ explained in this study.

< 050 4, | | | 11 [ ,. & 7

18.0 18.5 19.0 19.5 20.0 20.5
logqg (E/eV)
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l Auger and TA spectrum results
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E rescaled by -2.0% and -10% per decade
OBSERVATORY

e Auger ICRC 2025 -15.7° <8 <44.8°
E rescaled by +2.0% and +10% per decade

common fluorescence yield and Em mudcl*
m TAICRC2025 -157°<bd<448° 1
® Auger ICRC 2025 -157°<8<448°

J(E) x E* [km™? yr! sr!eV?]
J(E) x E° [km? yr!sr!eV?]

- g = . . 1 L I N - B IR N T T -
10 19 1 1 ():{] 1 UI‘} 1 U.'-.‘l:]
E [eV] E [eV]

Auger and TA spectrum Working group
F. Salamida, ICRC’'2025
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fraction of cosmic-rays from distance > D

100% s
eo%!:_‘
60%
40% |
20% |

0% Lo

Is charged particle astronomy
possible?
Deflection of 60 EeV protons in the GMF is about 2°-6°

Can we see the nearest source?

Can we see GZK reaction? cosmogenic photons and neutrinos
Berezinsky, Zatsepin, Phys. Lett B 28, 423 (1969)

100%

GZK horizons

(uniform source distribution)

——E>4
= ="E>5x10"eaV

80%

—=—-E>6x10"eV]
-F = 10 2/ 19
E>Bx10""aV ] E=6x 10" eV
—-"E>8x10"%aV

GZK Horizons 60% |

(uniform source distribution) 1

Protons
40%

20%

o L

-00

Fraction of cosmic rays from distance > D

A. Olinto et. al., White
paper on UHECR (2009)

—
ad “ p:....;....L.._._:r_r-__..__.__.::_-__

50 100 150 200 250 300 350 400
D(Mpc)

0 50 100 150 200 250 300 350 400
D(Mpc)
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Disappointing model?

¥ FE Rl L I S| - : L LR | L | L L |
Auger 09 ] | Auger 09

"5 et 5 ]
@ ; @
:; ma;r;tgg\? :; protons E
3 3 ]
= = 4
W 7,=2.3, d=40 Mpc [ 7,72.3, d=40 Mpc

1023 M B A T | o0 bl L1l L 1023 M W | L L L L

167 10" 10" 10% 10" A 10" 10%
E, eV E, eV

« No cosmogenic photons, no cosmogenic neutrinos
« What we expect:

— Dipolar and quadrupolar anisotropy
- Astronomy with the highest energy particles 24



Observed UHECR sky

i et - Joint Auger + TA data

* Flux excess is observed in Centaurus A
are at South and Ursa Major constellation
and Perseus-Pisces Supercluster regions

S at North
i o Sl * No individual sources are observed
OAE g = 7 EeV) - 0=25° L. Caccianiga, ICRC'2023
4 =2 0 H 4 25

Li & Ma significance [o]



l Telescope Array hot spot (5 yrs)

Li-Ma Significance Map with E > 57 EeV

25°-radius oversampling

" ng]actic B:ane
. upergalactic plane
90 o FOV

60° Max. Sig. *

_ B
‘ 3 - 205 events (14-year TA SD data)

= ‘i - Max local sig.: 5.10 at (144.0°, 40.5°)

0 pd N
360 h 5N L e _jo Obs. : 44 events  160% excess

N,y : 16.9 events

%0’ - Post-trial probability:
% P(Syc > 5.10) = 7.4x10™* > 3.20

Deficit Li-Ma significance Excess 26



- 72 events (First 5-year) - 133 events (Last 9-year)
- 5.00 at (144.0°, 40.5°) - 2.50 at (144.0°, 40.5°)
Obs. : 22 events Obs. : 22 events

Npg : 5.2 events N,y : 11.6 events




l Can Auger see TA hotspot?

45 45
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1 ' ! : " Ir 1 | | J ] h 3 ! ¢ ‘ -
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TA hotspot observed by TA TA hotspot as expected to appear

at Auger (highly inclined analysis)

Li-Ma Significance
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An extreme Energy Event
registered by TA SD

[ pvs dist. from shower axis |

.
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* Observed with TA SD at 10:35:56 on 27 May 2021 (UTC). No FD
OB Science 382, 903-907 (2023).
* E= 244 * 29(stat.) = 51(syst.) EeV, zenith angle 6 = 38.6° 36



Equatorial
coordinates

30 :
3 + NGC4631
D) x ; 4
Local[Void @® rraom ;
@PKS_-'I?I?H?T ;
Bvs7
(deg.) 360 300 240 180
TA FoV :
G.C. X M83
-30

_-':’Cenlauru.‘;A
;UM NGC4945

90

Telescope Array Collaboration, Science 382, 903-907 (2023).
M. Kuznetsov, JCAP 04 (2024) 042

TA hot spot

20

G.P.

60

S.G.P.

¥ NGC 1(]ﬁ8

¥NGC253

2.5

§1.5

0.5

Observation of the event with
extremely high energy

Relative expected flux [arbitrary units]

E=2.44x10%° 3B

Event is coming from
cosmic void

Not a gamma-ray

Primary particle should
be a heavy nuclei

The source is closer
than 5 Mpc

37
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TALE and TALE infill hybrid aq
composition

log_ (E/eV)
10 log_(EleV)
15 155 16 16.5 17 17.5 18 185 19 = s P o e, 5 i i -
900 T T T T ] T T T T I T T T T | T T T T | T T T T l T T T T ] T T T T I T T T T 1,LLJJ,|,|;',LLiJ,‘,',',LLLJ,’,\,‘,',LL4J,‘,‘,',FLJJ,&,[,‘,LLL,
10g(E yeu/eV) = 15.71 = 0.13 10g(E peaeV) = 17.13 = 0.04 £ st Al T L o B
i Dj, =68.38 + 21.68 g/cm’/decade Dj, =23.34 + 5.58 g/cm’/decade e e
D3, =21.95 + 558 g/cm’/decade D3, =97.63 = 4.53 g/cm’/decade £ ool o
_ éindt: 1.73 (p = 0.14) x2/ndf: 0.38 (p = 0.98) o z 0______3__-_._'_'_'__' _________ Pt s 1 |
o~ e (;;_ e i SN S R S e B BE B N s ey
E 700 — - g | ;
=) : gf%s “efgp
= e 1,'],‘,1,!,',,,D,D,D ,,,,,,,,,,,, DLt ool -
Aﬁ g ! —e—eo—°
5E 600 — ;:;‘:f—Aw—g—%ALA; AAA—WTQ*&&: ,HAQ,; ,,,,,,,,,,,
—_— - —F— this work =)
- — — QGSJETIM4 proton ® TALE
500 - * Breaks in the (X,,,x) coincide with the knee
————— QGSJETIL04 nitrogen ® TALE max
— GANITReAon STALL and second knee.
1 1 1 1 L1l II 'l 1 1 L 11 1 II L L L 1 L1l II 1 1 L L Ll Ll - - - - g
- e g o e ® X.hax distribution fits show a transition from
Eisv light to heavy composition, peaking near
]017.13 eV
Telescope Array Collaboration, * Further studies with He nuclei, and

Phys.Rev.D 113 (2026) 6, 062003 interaction models EPOS-LHC-R and
QGSIJET-Il are ongoing.
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l TAX4 hybrid XMAX

- P _ 100
E 900__ = Data Ty : ) ‘ W Data
2 N v Iron MC 4 MC Proton
~ C 90 - 4 MCiron
» H i * 80 4
C _ + £
- I o
750 |t | - ~ .
E | Al Y | —
C g 604 + +
» = £
700j : I ‘%‘
- R i 50 -
650— . °
- 40 4
BOO*L [ 1 1 1 I 1 1 1 J 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 J 1 1 1 1 1 1 1 30
18.6 188 19 19.2 194 196 19.8 %%Q(E/e%?lz 18.50 18.75 19.00 19.25 19.50 19.75 20.00 20.25
Logio(E/eV)

* Four years of TAX4 Hybrid data were compared to MC simulations of single-element primary distributions
using the QGSlIlJet-03 hadronic interaction model.

* The data are consistent with MC protons in both absolute scale and elongation rate.

* 0(X, ) is less model-dependent, but requires large statistics to measure reliably.

max

40



TA SD, QGS'JET I-03 —— : TA SD, QGSJET I1-04 <
Auger SD muon XMAX, QGSJET II-03 il Auger SD delta 750m, QGSJET 1I-04 —l—
Auger SD risetime asymmetry, QGSJET [I-03 »—&— Auger SD delta 1500m, QGSJET 1I-04 + A |

logig E, eV
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Large High Altitude Air Shower Observatory (LHAASO)

Location: Mt. Haizi, Sichuan, China (N 29°21, E 100° 8’)
Altitude: 4410 m a.s.l. (600 g/cm?)
Construction period: 2017-2021 (four years)

318 researchers from >30 institutes of 5 countries

Before construction (2016-11) Under construction (2018-10) After construction (2025-8)




Large High Altitude Air Shower Observatory (LHAASO)

CATCHING RAYS

China’s new observatory will
intercept ultra-high-energy y-ray
particles and cosmic rays

Wide-field-of-view
air Cherenkov

SRR el Bt e !eleslcopes Surface-water water
. 2 Scintillator water Cherenkov Underground
KM2A: (1.3 km?) detectors detector water Cherenkov tanks

EDs: 5216, MDs: 1188

b S S
. T oo A

Cherenkov photons Hybrid Detection of EAS

=
=
9
>

Longitudinal development WFCTA

WCDA
KM2A

’ Gamma rays’ e+) e_ -"7‘)'2:////./‘,7’:‘,:', ./‘// 7
WCDA KM2A l ol Lateral distribution

Hadrons, muons




Large High Altitude Air Shower Observatory (LHAASO)

" KM2A-ED 5B " KM2A-MD . .-
500 £ 500 RN
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-500 0 500 -500 0 500
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10°E
I ni E . . .
 Steel Case i L Lateral distribution
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_ . : E
SC Tiles (2 cm 3 WE
=TS E F
- Steel Case 7 g I
sz :-_-4-:.;}.fc'f'_’ct':.;'cﬁ;;:-_,gﬁ-;_'“ ultrapure water 5 f
G e 0 =
1[}’15—
Electromagnetic Detector (5216 EDs): Muon Detector (1188 MDs): - | | |
107 '- s

Spacing: 15m; Area: 1 m? each Spacing: 30m; Area: 36 m? each o W w

Distance from shower axis(m)



Large High Altitude Air Shower Observatory (LHAASO)

_________________________

_________________________

WCDA-1

o LS

20211114160856/0.291121217: nTrig=-1, 0=11.60:0.07°, ¢=139.31:0.06° [ 20190214/173639/0.180367688: nTrig=0, 8=34.43+0.02°, $=93.67+0.03° I

£ 20000 5000
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35
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1

For cosmic rays at lower energy
 Total area: 78,000 m?

e Detection unit: 5 X 5m
e Threshold: hundreds GeV

Measure the arrival time, signal intensity, and
spatial distribution of secondary particles
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Large High Altitude Air Shower Observatory (LHAASO)

WFCTA

A

3

=
_co ot vt 8 st o
2]

Shower direction

Centroid

LHAASO-WFCTA measures the longitudinal development
of the EAS

Cherenkov photons are collected by mirrors onto the camera
The long axis of Cherenkov image corresponds to a plane
containing the shower axis and the telescope

Along the long axis, different SiPMs measure Cherenkov
photons originating from different air depths



Results from LHAASO

Cosmic ray energy spectra measured by LHAASO




LHAASO results: all-particle spectrum

, P Poeoer————— A . Fe
Energy range: 0.3~30 PeV B

e L

£ 5 A sAm A4 . N % I N
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Nm | x ¥ * * B aAd 3 I

D * ¥ * % * = I I -

E - ¥ * * * ° ° 0 ) e l &y i e, .o, 0 5. 0
R o0 %0 o e} ; i T -
= [ oo § SUBE. =

4 ; N 3 S

8 B %’{’% ¥g99 52- A

= ;ﬁ % ~ .—.—...—..n-mg-.n-u"ammm-"'-“1"‘"'"'"

w 1 o o =\
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0 ¥ o ; 1_— e LHAASO
E _ HAWC2017 (QGSJETII-03) O, ARl e OEC Syl E A Tuket3s(0GSjeton) | Gaisser H3a

w 4 KASCADE2005 (QGSJETO01) " IceCupe/lceTop2019 (Sibyll2.1) B 4 CASA-MIA (MOCCA-Sibyll) I = = = Horandel

* Tibet2008 (Sibyll2.1+HD) A |ceCTe/IceTop2020 (Sibyll2.1) : % :zzgg::;g;s:;g;:wn _ g::
I 1 II 1 1 1 1 111 II 0.-r—--l..--l.--;--.l---1-.-1-..:---l----|..-1- ..I. -------------- t ------- P S r H
1 05 1 05 1 07 5.5 6 6.5 7 7.5
Energy (GeV) log, (E/GeV)

® LHAASO (QGSJETII-04)
A LHAASO: proton assumption

¥ LHAASO: iron assumption

Energy (GeV)

> Small uncertainties:

> Precise results:

;'2 "‘5_‘: criiiiig, i * Composition assumption: <12% * Knee position: 3.67 + 0.05 +
'g, . o for pure proton/iron assumptions 0.15 PeV
g % 4 * Interaction model: 2.5% * Composition: shows a clear
E: . <12% @ 0.3 PeV Yy . (QGSIJETII-04, EPOS-LHC and correlation between the flux and
I R " SIBYLL-2.3d) the composition in the knee region
10° o’
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LHAASO results: Proton, Helium spectrum

Composition-sensitive parameter

Steel Case
Lead (0.5 cm)

SC Tiles (2 cm)

E B
N# 0.4 Al_ﬂ (1 PgV) u-/ /e‘ 2%
. B ‘ ::% _—% Steel Case
N, oc Al=e [ =2 -
ke (1 PeV)

o N,u «v I{,u,
log A = a—[3 o (Nf/a) Ca—j e (Kg/a)

v 1 i?\"T# 4 ¢
— - log const
a—p3 T\ N

Ny

P, =logyg 082
e

* N,:number of muons measured by MDs
* Ng: number of EM particles measured by EDs

muonic component,

T—I\x

neutrinos

Primary Particle

nuclear interaction

K0 ¥ with air molecule ¢\
nt éK K'— rc
M

hadronic % ‘l’ % N lL k’

cascade et e
e
fluorescence
radiation

pnmK & yeyydy e

nuclear fragments

hadronic electromagnetic

component component

JIIIl[III[lll[lll}lll\l]
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LHAASO results: Proton, Helium spectrum

Composition-sensitive parameter

Longitudinal development: At the same energy,

proton showers develop deeper

Xmax = Xo T Xpise

» &

Xrise

)
=
g
%)

. Shower direction

Centroid

Long axis ~ to SDP

150<Rp<155

—— Proton

3.5 —— Helium -
| - CNO

_ "C]-'- MgAISi

A Iron

~”

2.5%— M

o

o

=
I

0.02—

0.
T
4
Normalized Entries
T T

ot o . .
s sy sy Dosepsyenslivnien elsoneny e lansis
0 350 400 450 500 550 600 650 700 -0.5 0 0.5

Xmax(g/cm®) PQC(QCJ Rp) Erec)
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~ LHAASO results: Proton, Helium spectrum

Hagas kbt

Proton selection

0.8 35 . 100
- — Proton 30 D | f -
0.6 : 80
_Other 25___. &b PR .. L] L I 4 P 1 - + 'Y 3 ?. 70
N 60
< 20 50 &
= 15__ o a,
®
101 "
f el
n P 20
) > "
—0_—l||||||||||||||||||||||||||| -Ijjll||JJ||ll|]]l|[|||][l[|]]]['||JJJ[10
-06 04 02 O 02 04 06 038 2 54 56 58 6 6.2 64 66 68 7

Poc log(E/GeV)

Combine B and Pg to select proton events:

: . NE
* Selection efficiency: np = N—f, ~ 25%
0 Main pollution: Helium events

P P
Ns ~ %~ 90%(>500TeV)

* Proton purity. €p = NAT ~ NP yHe
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LHAASO results: Proton, Helium spectrum

Light component selection

8

Events
B

x10°

- —— Light

— = Heavy
[~ — mcC
{ data

100fm;s = cipimigum migm B gy R Brmn R m
o o <] o o

R —— s o sl e s il o il s = e s
50

o O
ooooo
o o ©

5

e
e E (PeV)
Helium lies between protons and heavy events, difficult to select high-purity helium sample

Calculation of the helium spectrum: High-purity light component sample:
Fre = FL, — Fp *
F; : spectrum of light component .

Selection efficiency. 1.~ 60%

Light component purity. €; >80%

Fp: proton spectrum * After selection, the proton-to-helium

Based on the fact that the proton-to-helium ratio does

. ratio remains unchanged: ép,~1
not change before and after selection 8 €R

17



R LHAASO results: Proton, Helium spectrum

FCRR IR T

& 2105k EPOS-LHC (a) & Proton
k% - = sl
NE © 00606 0 '&105 @g%ggﬁﬁ%
QE -En o0 0@ ﬁ 95 o é
) = t‘:iE é
o L, g $
_Lé [ 50 ELH | —e- QGSUETI-04
.JZ:’ 5x107 |- ; o WL - EepostLHC
:Eu L @ :rc:.tons % —&—- SIBYLL 2.3d
C ! T A | L TR B W
| 1 1 1 1 gl 1 1 L PR T T I L -1
107 1 10 10 E 1(F’e\*’) 10
E (PeV) —
Systematic uncertainties —"; Helium
Proton Helium Light ggE1 0% zgew
libration (pressure 3 %
Calibration h
. : ' 2.5% 4.7% 3% = n
humidity, bkg light) o i QESJETI0s
=z EPOS-LHC
Composition models 2%@3PeV  5%@6PeV 2% @6PeV o I SBYLL 234
o I :
Selection efficiency 2.5% 2% 1% - | | |
Hadronic interaction 12%@3PeV 15%@6PeV 3% @6PeV 10" 10
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LHAASO results: Proton, Helium spectrum

o

L 10°
A

e

2
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[(b]

Q

w 10*
©

~
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©

2

N x

L

©

I 2
z

o

1y}

S 1

7 PeV

Helium spectrum 34 TeV

Protons AMS-02(2|021)

All-spectrum LHAASO(2024) EPOS-LHC

Helium AMS-02(2021) ¥ Protons ElAMPE(Q'mg)

— I Helium DAMPE(2021) T Protons LL AASO
- 1 Helium LHAASO coee, 60000p L
o odes T at 000005.9'0"" a@;
g,Ey ¥ 0 gwn ® .| | I GQ
e L Helium
R NUCLEON(2019)
l CALET(2023

CREAM-111(2017
| | lceTop SIBYLL %.1(20{9)
KASCADE SIBY[LL 2.1(2005)
| | KASCADE QGSJET 0f(2005)

[ Proton spectrum 13 TeV 3.3 Pev (D)
- Mo: e e, . -...oo.i. |
I pawre e ves®® TotT
— I LHAASO
10 107 10° 10* 10° 10° 107
E, (GeV)

Multiple components in energy spectra
e Spectral structure: hardening-then-
softening structure both below and near
the knee region (two bump structure)
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LHAASO results: Proton, Helium spectrum

E2"°dN/dE (GeV' °m2sris)

Ratio (H/He)

—_—
o
)

—
o
=N

Helium spectrum 34 TeV 7 PeV
|
i All-spectrum LHAASO(2024) Protons AMS_OZ(ZIOQU EPOS-LHC ( a )
= Helium AMS-02(2021) ¥ Protons ElAMPE(Q'mg)
~ 1 Helium DAMPE(2021) T Protons LL AASO
B 1 Helium LHAASO i
- ° oOOOO D
| oo .'l’l & ! '|;| ooosaa.g'.....GGQ;G
avmrmEay a8y Y g e | | . $
& w'. u Helium ]
L | e
= CREAM:-I11(2017
[~ | | IceTop SIBYLL 2.1(20/9)
_ KASCADE SIBYLL 2.1(2005)
| | KASCADE QGSJET 0f(2005)
Proton spectrum 13 TeV 3.3 Pev (D)
-_ Mo: e e, . -...oo.i. |
I DpamPE e ceo® * TotT
— I LHAASO
10 107 10° 10 10° 10° 10
E, (GeV)

Multiple components in energy spectra

Spectral structure: hardening-then-
softening structure both below and near
the knee region (two bump structure)

Complex source characteristics and
propagation features

He-rich ~0.1PeV

Proton-rich ~3PeV

The all-particle knee (3.67 PeV) is very close
to the proton knee
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*’ LHAASO results: Energy calibration using Moon shadow

Spectral Results from Space Experiments and LHAASO

. 10° Helium AMS-02(2021) Protons AMS-02(2021) EPOS-LEC
» — ! Helium DAMPE(2021) ~ [I  Protons DAMPE(2019)
L - § Helium LHAASO 3 Protons LHAASO
c B
o 5 ong,, 009990
S et PO
% | @@:@@ A @&
o L
W
o 10° |
prd —
© |
0 [
o X
i B
| R | A | g gl AT | A |
10 10? 10° 10* 10° 108 107

E (GeV)

* Discrepancy: Possible flux difference between different
experiments
* Main factor: Difference in absolute energy scale
* Unify the energy scales of different experiments:
* Measure spectra over the same energy range
* Perform absolute energy calibration independently
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" LHAASO results: Energy calibration using Moon shadow

Spectral Results from Space Experiments and LHAASO Energy calibration using Moon shadow
Cosmic Ray
. 10° | Helium AMS-02(2021) Protons AMS-02(2021) EPOS-LHC
:m — i Helium DAMPE(2021) [  Protons DAMPE(2019)
Nz - §  Helium LHAASO 3 Protons LHAASO
w | ey 00000
5 Stesneiisennsten
> = folazotey ag
Qe e o e e L
5 10t | bl
prd —
o -
Nl.lIJx |
ol el el el IR | el
10 107 10° 10 10° 10° 10

E (GeV)

* Discrepancy: Possible flux difference between different Moon shadow: Cosmic ray blocked by the Moon

experiments * Shift of the Moon shadow: Deflect of the cosmic rays
* Main factor: Difference in absolute energy scale by the Geomagnetic Field (GMF)
* Unify the energy scales of different experiments: e Absolute energy calibration: Lower energy - larger
* Measure spectra over the same energy range shift A= -1.59°xXZ/E(TeV)

* Perform absolute energy calibration independently
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= LHAASO results: Energy calibration using Moon shadow

1agsns sy

e From 2021/07 to 2025/01, 3.5 years
e Background Estimation: Equi-Zenith

method 5 5
wn wn
=2 =
©000 ©OO% )‘Z
1-on, 10-off (10° X 10°)
5 500 500
1.5 0 0
— 500 =500
£ ocEEmE g 1000 g ~1000
C?} ..... g —1500 ¥2 f ndf 46.91/37 g-) 1500 x* { nelf 61.4/37
: = 2 —2000
= = -2000 =z
g —0. O Entries 3224 + 1380 _2500 Entries 3424 + 882
pd —2500
-1 _3000 Mean —0.1174 £0.0113 —300() Mean  —0,0002087 = 0.0088644
g e 3500 Sigma 0334 £ 0.012 —3500 sigma 09078 200004
PR Y eda o b s o1, L, | bl aa a sl a2 5o Lo g1, Al |
_2—2 -15-1-050 05 1 15 2 -3 -2 —1 0 1 2 3 _400(13 -2 —1 0 1 2 3
West - East (°) West - East (°) South - North (°)
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LHAASO results: Energy calibration using Moon shadow
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LHAASO results: Energy calibration using Moon shadow

l0g10(Eca/GeV)
e o o
13} o 13)

.y
o

&)
9]

l0g40(Eca/GeV)
an
o

e

b . :
T m T T T T T T T T T T

——
— @
—
45 20 25 30 4.9
|091O(Neu)

» Systematic uncertainties:

Geomagnetic field model: <1%
Estimation of (Z): 2%~17%

Composition models (Gaisser, Horandol, GSF, GST)

Interaction models (QGSJETII-04, EPOS-LHC)
Ray tracing

45 50 55
logo((E)/GeV)

» Energy Calibration
Ecal = (11— 5)<E)
€ =10.0154+0.08

Calibrated energy is in good agreement
with the simulation
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LHAASO results: Energy calibration using Moon shadow

(&)
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e
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13)
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4.5 ; e
° 1.5 2.0 2.5 3.0 4'9.0 4.5 5.0 5.5
log19(Ney) log;o((E)/GeV)

» Systematic uncertainties: » Energy Calibration

« Geomagnetic field model: <1% Ecq = (1 —e)(E)
* Estimation of (Z): 2%~17%
 Composition models (Gaisser, Horandol, GSF, GST)
* Interaction models (QGSJETII-04, EPOS-LHC)
* Ray tracing

€ =0.015 £ 0.08

Higher statistics - Better calibration
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Actpodusnueckuii kommiekc TAIGA-100

TAIGA-100 — 0OpoekT KpymHOMACIITAOHOTO 3KCIEPUMEHTAIBHOTO KOMILUIEKCA CIEAYIOLIEro
IOKOJIEHMS ¢ THOPHMIHOM CHCTEMOM IETEKTOPOB Ha IuIomany nopsaka 100 km?,

Hay4yHas nporpamma

HccnenoBanus B 00JIaCTU raMMa-aCTPOHOMHH IIPH SHeprusx > 104 5B

UccnenoBanus B obnactu pusuku kocmudeckux nydeit (KJI) B quamasone 104 - 10 5B
ITouck nuddy3HOro raMMa-u3IydeHus B uHTepBaie suepruii 104 - 10" 5B

[Torck raMMa-KBaHTOB OT F'aMMa-BCILIECKOB ¢ dHepruei > 51012 5B

IToMCK TOPU30HTAIBHLIX HEWTPUHHBIX COOBITHI ¢ SHEprueii > 1017 5B

HccnenoBanus B 00J1aCTH T€OPU3UKH

[Touck «HOBOM (DPUBUKK»

Nk L=



CocTaB KOMIIJIEKCA U CXEMaTUYHOE PpacCIIOJIO0KCHUC ICTCKTOPOB

DmyopeceHTHRIN qeTekTop ~ 2 - 3 ed.  ArmocdepHble UepeHKOBCKHE TEIECKOIIBI

~5-7en. ~1-2en.
~ 150 m
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Cranmug ~ 3000 en.:
[IupoKOyTOIBHBINA aTMOC(EPHBII YePSHKOBCKHI TETEKTOP, BOIHBIN TePEHKOBCKUI JETEKTOP,

CIMHTHW/IIAIMOHHBIC CUCTUHMKH, PAJHOAHTCHHA
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Crannus

[ITupoxoyroinbHbIA aTMOC(HEPHBIA CUMHTHIUIALIMOHHBIE CUCTUMKA
YEePEHKOBCKHUH JETEKTOP
100 cm leum
p I IS /7777 ///lJl
R VNIRRT YA Y 1
Q
8
ST 3 —y
5 =)
= Q
1—1‘ ’
P
AL FEAC LB TLE LA AN
N 4 AN N g s iy N

=t 78 /

9 /]

Q| A €

-y N s’

LN L LTSN AL A /\,/,
/ 700 cM PanmoanTenHa
ba3oBble neTeKTOpHI *

xomimiekca TAIGA-100 BoHbI 4epeHKOBCKHI AETEKTOP
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CHI/IHTI/IJ'IJI}II_II/IOHHBIG CUCTUUKU

Hetextop ycranoBku KM2A o6cepBaropun LHAASO

JIeTeKTop yCTaHOBKHU
TAIGA-Muon

f

<«— BapuaHtel —»

 DddexTuBHag IOmALL ~ 1 M2
e Tomuuza cuMHTHILIATOPA ~ | CM
» HeognopoaHnocts cBeTocOopa < 20%
o JlunamMudecKkuii auanason ~ 10 wacruna/m?

e IToroTUTENb I KOHBEPTALIMU FaMMa-KBaHTOB
« ITopor perucrpanuu IIIAJI ~ 10 5B (~ 2000 M 1.y.M) uma ~ 10 5B (700 m m.y.m). 2!



Pannoantenna

* YcranoBka Tunka-Rex * YcranoBka GrandProto300
* Jluanazon yactot ~ 30 - 80 MI'l  Jluamazon yactot ~ 50 - 200 MI'11

* DHepreruueckuii nopor perucrpauuu KJI~ 107 5B
* Peructpanus ropuzontanbubix [ITAJT

* ABTOHOMHAas1 paboTa aHTEHH
22



ATMOc(epHbIE YEPEHKOBCKHE TEICCKOIIBI

* 5 testeckonoB B cocTraBe koMmiuiekca TAIGA-1

« [Topor perucrpaiyy raMMa-kBaaTos ~ 3 - 1012 5B
* 3amena @OV Ha SiPM - ?

e Jluzaiin [pBuca-KorroHa

» [Tonnas mromans orpaxarens ~ 80 m>

» Kamepa u3 ~ 2000 nukceneit (SiPM)

* Yrou o030pa nukcens u kamepsl — 0.24° u ~ 5°
» ITopor perucrpanuu raMma-kBaaTos ~ 3 - 10! 5B
* [IpoToTun teneckona npoekra ALEGRO

23




DI1yOpeCEHTHBIN AETEKTOP

1.0

0.5 f‘ |

Koncrpykuus: M M, s
* Teneckon [IMunara e EEmE
* Jluanazon ajauH BojH 300 - 400 am

* 7 CETMEHTHPOBAHHBIX 3e€pKasl fuameTpoM ~ 60 cm
» dokycHoe paccTosiHuE ~ 1 M

* Yron o630pa Teneckomna ~ 60°

Brixon ceeta duvopecueHLIMH,
OTHOCHTENbHBIE €IMHHLIBI

3amaum:
* Uccnenosanus KJI mpu sueprusx > 108 5B
* DHepreTUyYecKas KaauOpOBKa CHMHTHIUISLUOHHON YCTAHOBKY




[IInpoKOyTroabHBIN aTMOC(EPHBIA YEPEHKOBCKUM JETEKTOP

OnTuyeckast CTaHIA
TAIGA-Hi1ISCORE

Herexrop TAIGA-100

Y90

» KoHctpyknus: konyc Buncrona u @2V nuamerpom ~ 20 cm
* Yron 0030pa konyca Bunctona + 45°, yron HakinoHa gerekropa ~ 10 - 30°
« ITopor perucrpanuu raMMa-kBaaros ~ 2 10'%-4-10'* >B
* YTIIOBOE 1 3HEPTETUUECKOE pa3pemnieHue ycraHoBku ~ 0.15° u 15%

* B 2025 r na ognoii craniimu TAIGA-HiSCORE ycTaHoBIIeHbI SKCIIEpUMEHTAIbHBIE KOHYCA 2



2.5m

1188 nerektopoB ycranoBku KM2A
obcepBatopus LHAASO

213.9m
#9m

BoaHbIl 4EpEHKOBCKUM JETEKTOP

\

soll

Rt

S

BEELE ___iron plate

1.2m

__PMT

$6.8m

* Koapdbunment auddysHoro orpaskenust noBepxHoctu > 95%

b\ —ylfra-pure water [REERE .

———concrefe tank

IHapametpsl getexkTopa TAIGA-100:

* ®DY nuamerpoM ~ 20 cm
e ITnomans gerexropa ~ 40 m>
e JluHaMu4ecKnii auana3ol ~ 10% yacruig
* [Ipo3paynocTh BOJIbI ([yTMHA TTOTJIONIEHUS) > 30 M

° OTCYTCTBI/IC rnoaorpeBa 1 CUCTEMbI OYHCTKH BOJbI
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[IpoTOoTHIT BOZTHOTO YEPEHKOBCKOTO JETEKTOPA

Jleto-oceur 2024 roqga —>

MOHUTOPHUHT TeMIlepaTypbl BO/bI:
Tmin B 1roHE 2025 Toma + 1°C
Tmax B OKTsI0pe 2025 roga + 8 °C
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[IpoToTHI BOZHOTO YEPEHKOBCKOTO JETEKTOPA

Pa3BepThiBanue netekTopa oceHnro 2025 roga

M Pos: 145.0ns

*

CH1 100mY  CH2 500mY K 50.0ns

Entries 35531

800"
700"
£ 600F ﬂl‘
5 500t M
* ®OY Hamamtsu R5912 sl Lx
* Otpaxarens Tyvek 1082D 2t
» O6BeM 3amuToit Bogsl ~ 6.5 M° (R = 1.5 m, H=90 cm) z % L
* DJIeKTpUUYECKasi MPOBOJAUMOCTh BOJIBI ~ 5 MKCM/cM ?gg; '
E ' N,
: | b,

0 50 100 150200250300 350400450 500
Amplitude of pulse, code



[IpoTOTHIT BOJHOTO YEPEHKOBCKOT'O JIETEKTOPA

TAEE

@ - TAIGA-Muon |

-1000  -500 — - @E

E ﬂs 39.&#;.;‘5: :f{ £l Elﬁ

e S = = sl ¥ - -

= ;-v—‘."‘-—’-'n.:"'—'—,r_f'-—_\."““-w'_ =g = - gy ]
e N 'j’

28 nosi6ps 2025 roxa craHuus 3amyiiieHa B HA00Op JaHHBIX COBMECTHO C YCTaHOBKAMHU
Tunka-Grande u TAIGA-Muon.




[Touck mnoimaaku

Yyiickas crenb
1700-1800 m

ACTPOKJIUMAT ¥ 0COOEHHOCTH MECTHOCTH
KonnuecTBo 6€3001a4HbIX HOUEH, TPO3PAYHOCTh aTMOC(hephl, aHTPONIOTE€HHAs 3aCBETKA U T.J.

HNugpacrpykrypa
TpaHcniopTHast JOCTYITHOCTh, JHEPreTUKA, TEJEKOMMYHUKALIUU U T.[.

JHoxnan MBanosa A.JI. «Ilouck miomaaku s pa3pepThiBanus actpoduzndeckoro kommiaekca TAIGA-100»
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Oxumaembie pe3ysbratel TAIGA-100

Kocmuueckue jryum:
e Boimie 100 I13B u 10 D9B oxunaercs ~ 10° u 10? coObITHiA 32 KaJICHAAPHBIN TOJ1
 Tynka-133 u Tunka-Grande o ~ 600 coObiTuii ¢ 3Heprueii Boie 100 I13B 3a kanengapHsblil roa

JAuddy3Hoe raMmma-usjiydyeHue:
O ~5-107 kM~ rox'cp! 3a 10 0
IPaHUYECHUE HA YPOBHE KM“Tox cp” 3a 10 seTr HaOopa TaHHBIX

10% +—— 1 1 1 —T——
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10—15 3
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1078 - - ;
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lg(E,/>B) 31



Oxumaemsie pe3ysbTatel TAIGA-100

e
I'amma-acTpoHOMUSs E BT
] O LHAASO
3 19 % l #  TAIGA-100
(v v
Ncerounnku LHAASO c sneprueit Boire 40 ToB £ 0l % l
E ¢ ¢
w 0,01
0,001 ——by E—— l—
100 1000 10000

_ / Energy, TeV

OxugaeMblii CIEKTP raMMa-KBaHTOB OT
KpaOoBuiHON TYMMaHHOCTH 3a
1 xanennapubiii rof (~ 500 yacoB)

Galactic Latitude (b)

Galactic

T T
0 100 200 300 400
observation hours 32




Oxumaemsie pe3ysbTatel TAIGA-100

JAuddepeHuuanbHass YyBCTBUTEIbHOCTH

Point-like source differential sensitivity,
5 bins per decade, 5 sigma each

10—11 .

HESS50 h

10°22 4

Energy Flux Sensitivity (erg cm~2 s~1)
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CTAO South 50 h

SWGO: Config. A4 1y

107! 10° 10} 102 10°
Photon Energy (TeV)

UysctButenbHocTh TAIGA-100 3a oivH KaneHIapHbINA roj
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IT1aHbl

JleTo - ocenn 2026 roaa:

* Pa3BepThiBaHue 3 MOJIHOLEHHBIX BOAHBIX AETEKTOPA ILIOMAALIO ~ 40 M?
* Monepau3zaius 49 onTHYECKUX NETEKTOPOB yYCTaHOBKH TyHka-133

t:;h'v-Tl‘mka133‘ 4 - I&ounypeVVT ;;
o - Tunka-Grande P’ & - TAIGA-100 WT |
3 l N

A A R

-1000 -500 0 500 1000

2030 roxa:
* PazgepTriBanue ~ 20 cranuui Ha nonurone TAIGA-1
* Be16op miiomaaku
 [logroroBka npoekra TAIGA-100
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