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KU ETEM : EBRTAN (A7 7% (HE. REHFE., ITb6aHHE)
2024/6/12-7/1 FHEH : &2 2024/11/23-11/30 SFEH{RH © & 2 - BEH
2024/11/25-12/10 FEHERHF : Anzorena - 227K
2024/11/25-12/18 FHET : K7 2025/1/27-2/14 FEHRHF : K7

- EfSERER
22nd International Symposium on Very High Energy Cosmic Ray Interactions (ISVHECRI 2024), 8-12 July (Mexico)
TeV Particle Asrtrophyics (TeVPA) 2024, 26-30 August (Chicago)
International Conference on High Energy Physics 2024 (ICHEP2024), 17-24 July (Prague)
Space Climate9, ISEE Symposium, 1-4 October (Nagoya)
7th International Symposium on Ultra High Energy Cosmic Rays 2024 (UHECR2024), 17-21 November (Malargue,
Argentina)

- BAZEESHRK
9A16H-190 BAYEFLFETIRIERAS (LEEKRS)
9A11H-138 BARXFE2024FHEARE (BAEFRAF) E
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Dawn of sub-PeV gamma- ray astronom

Tibet AS y Collaboration,
Nature Astron., 5, 460-464 (2021)

¢ Hawc
[4- FomisraL

Fermi.LAT Colboration (2011)
Anaronian et al. (2019)
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e HAWC Collaboration, Nature Astron., 5, 465-471 (2021)

LHAASO J190840621

s
LA. (deg.) 30
Tibet AS y Collaboration, — /
PRL 123, 051101 (2019) AR (doge) /]
LHAASO Collaboration,
= SR Chin. phys. €25, 023002 (2021)%

HAWC Collaboration,

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

Nature, 504, 33-36 (2021)




Gamma-ray sky

>400TeV Diffuse gamma rays

https://ferpigsfc nasa oau/sec

. Southern sky 22
KM2A (£ > 25 TeV) Sign is not Covered 20

>25TeV
15
g
105
s 8
0
http://tevcat.uchicago.edu Gamma-ray sources _ _ 6
LHAASO Collaboration, arXiv:2305.1703v1 22023)

HESS: A&A 612, Al (2018)
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The ALPACA Collaboration

C

M. Anzorena?, E. de la FuenteC, K. Fujita®, R. Garcia?, K. GotoP, Y. Hayashit, K. Hibino", N. Hotta®,
G. ImaizumiA, A. Jimenez-MezaC, Y. Katayosel, C. Kato!, S. Kato#?, T. Kawashima?, K. Kawata?, T. Ko/,
H. KojimaK, T. MakishimaH, Y. Masudal, S. Matsuhashit, M. Matsumoto!, R. MaytaB, P. Miranda&,
A. Mizuno?, K. Munakata!, Y. Nakamura®, M. Nishizawal, Y. NoguchiH, S. Ogio#, M. OhnishiA,

S. Okukawa'l, A. OshimaP, M. RaljevicB, H. RiveraB, T. SaitoM, T. Sako?, T. K. SakoN, T. Shibasaki©,
S. ShibataK, A. Shiomi©, M. Subieta®, F. Sugimoto?, N. TajimaP®, W. Takano", M. Takita?, Y. Tameda®,
K. TanakaR, R. TiconaB, |. Toledano-Juarez®, H. Tsuchiya$, Y. Tsunesada'V, S. Udo, R. Usuif,

G. Yamagishi™, K. Yamazaki, Y. Yokoe® (The ALPACA Collaboration)

ICRR, Univ. of Tokyo?, IIF, UMSAB, Univ. de Guadalajara®, Coll. of Engn., Chubu Univ.P, Dept. of Sci. and Tech.,
Shinshu Univ.E, Fac. of Engn., Kanagawa Univ.F, Utsunomiya Univ.¢, Fac. of Engn., Yokohama Natl. Univ.H,

Dept. of Phys., Shinshu Univ.|, Coll. of Sci. Engn., Chubu Univ., Astro. Obs., Chubu Univ.K, NIIt,

Tokyo Metro. Coll. of Ind. Tech.M, Dept. of Info. and Elec., Nagano Pref. Inst. of Tech.N, Coll. of Ind. Tech.,

Nihon Univ.%, RIKENP, Fac. of Engn., Osaka Electro-Comm. Univ.2, Fac. of Info. Sci., Hiroshima City Univ.R, JAEAS,
Grad. Sch. of Sci., Osaka Metro. Univ.T, NITEP, Osaka Metro. Univ.Y .



ALPACA Air Shower Array

1. Array coverage 82,800m?2
= 401 x 1m2 plastic scintillators

Lead plate
i¥ intil

.....
Teay

2. Underground water Cherenkov

muon detector (MD) 3700m2 = %
SOll over 2m ("‘16)(0) WFasttrmmgPMT
— 58m2 Wlth 2011¢ PMT[I X 6}5]» Cee“S Signal cable HV cable
.................... 15m;
,IVZOim:hPMT “““““““““
Water 1.5 m “_."
mzml. ------ *
Cherenkov light et
Reinforced concrete ‘Waterproof material and reﬂeclor‘
v Cosmic-ray BG rejection power >99.9% @100TeV. « 1m? AS Detector x (974304) (82,800 )

[ 58 m? Muon Detector x (16+48) (3,700 m?)

v' Angular resolution ~0.2° @100TeV, Energy resolution ~20%@100TeV
v 100% duty cycle, FOV 6,.,<40° (well studied), 8,,<60° (in study) 9



ALPAQUITA

1. Air Shower (AS) Array ~83,000m?
=97 x 1m? Scintillation Detector
2. Underground Muon Detector (MD) ~3600m?
= Water-Cherenkov-Type, 2.5m overburden (~19.X)
56m? with 20" ¢ PI\ﬁT x 16 Cells

Y e

Soil & Rocks 2.6m

o et NN

Ao o yoo i
© ® OO d AL

™
‘e
‘e
.

Reinforced concrete ‘Waterproof & reflective materials

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




ALPACA Construction Plan

- +| ALPAQUITA w/ MD
- :| gamma-ray sensitive observation

] | starts in 2025

Full ALPACA
construction in 2026

- 1 AS Detector x (97+304) (82800

I 58m? Muon Detector x (16+48) (3,700

= 1 AS Detoctor x (87+304) (32,800 m°)
I 58m? Muon Detector x (16448) (3,700 m°)

Current configuration

1st MD construction |: . ATl
in 2025 Loy

= 1 AS Detoctor x (87+304) (32.800 m°) = 1" AS Detoctor x (97+304) (32.800 m°)

I 58m? Muon Detector x (16+48) (3,700 ) [ 58m* Muon Detector x (16+48) (3700 )



Heart of the experiment
~Underground muon detector~

B
e
- s
ESTUDIO Y DISENO ESTRUCTURAL DEL MODULO MD L I
pPooL ] "
i
?
ki
?
T
i
9 2
PROYECTO “ALPACA” ¥ T

ocTusre 2023 mmgij,,,,v,,,?,v} { ,,T (==
P SR N PN N - e 17
[T = = i =Tt i

ELEVACION AR

« Long discussions with Bolivian design companies => fixed

e Public call for construction company soon

« Construction of the 15t MD will start in 2025

« First gamma-ray sensitive observation starts in 2025 12



ALPAQUITA Air Shower Array

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

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

Inverse pyramid shape
Stainless steel box
(White painted inside)

2-inch PMT x1

Any 4 (Any3 since Jun 2024) detectors with >0.6 2022 Jun. Deploy detectors

particles within 600ns
> Rate ~280Hz @ CR mode energy ~7 TeV 2022 Sep. Partial operation

Counting Mode Condition : 2023 Apr. Full operation
Anyl, Any2, Any3, Any4 rates every 0.1 sec 13

Air Shower Trigger Condition : [Constructon status:




ALPAQUITA
monitoring

Environment Monitor at 04:45:11_2024/12/18

The ALPACA i at Cerro Estuqueria, Bolivia (updated 04:45:11_2024/12/18)

Outside AIr Control Room (Inside) Wind Spoed Prepitation | _mm
/Ambient Temp. | 1.8 T _|Room Temp. | 23.90 T |Ave| m/s [ave] deg. [Duration sec
Humidty | 80.6 % [Humidity | 2077 % [Max| /s |Max|_deg. [intensity mm/h
[station 579.7hPa_|Dew-point Temp  0.12 T _Min| m/s |Min| deg. |Peak Intensityl _mm/h
Ambient ['C][ Ambient Humidity [%] Station Pressure [hPa.
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Room (<] Room Humidiy [%] Dew-point [43]
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Wind Speed [m/s] Wind Direction: North |Mt.Huayna Potosi & Mt. Chacaltaya|
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Electric Field over time 2024-10-16
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Performance Of ALPAQU'TA Event selection criteria:

» Zenith angle < 40deg

Even—Odd MethOd + In Array flag = on

* 1.25 Any 4 flag = on
« Residual error < 1.0

700005 A Even-Odd opening angle :
600001 * ".. Opening angle between directions determined
7] C . "
50000~ g, AOor Median ~1.96 deg | by two independent arrays (even and odd arrays)
d>> Fe %
S 40000} 5 ABop N\ -EEEEE
3 e M CNEEEEE B
E 300001 i‘ \EENEEEEE .
z fe . . HENGENEEEEE B B
20000* \ ;
y \ Angular resolution SN NEEEEEH
10000} os0=A0pp/ 2 = ~1° EEEENyEEEEE
r \“"—-m-‘ EEEEEEEEEERB
PP IRS FPPPPPPLSUNPLENUNE SO P -4 SEssEsEEEES
Opening angle between even-odd arrays (deg) El I 2 O 8 E
CEHEEEE BB
S e



Data-MC comparison

]Total number of particles \

0.04,
P iss o P — data
f T —mc_

W

L S . i

i |
0 a 6 15 L 25
Opening angle between even-odd array (degree) Log(Zp,) (m?)

Zenith angle data_akenob

1

— data
‘— MC_

°

—

normalized # of events

normalized # of events
o ¢
T[T [T T[T T[T T

[ . — data

| zenith angle ‘ e
2
L  Detector calibration data are taken into account
3 « Good agreement between experimental data and MC
H S « Air shower array shows expected performance
g 102

i
1.1 12 13 14 15 16 17 18 19
secH

17



Moon Shadow

Center position 0.3° Westvvard

ALPAQUITA 2023/04/07-2024/04/30 ———
Angular Resolution = 1.1deg --------

1000 T

®
£
3 -1000
o
B
8 -2000
2
=
E 2 -3000
o > =
b4 o .
- 4000 £ Expected line / ]
& assuming 1.1° resolution
3
b -5000 s s s : ‘ ! . s
¢ 0 20000 40000 60000 80000 100000 120000 140000 160000
,g Number of background events
o
o .
& « Shadow of the moon is clearly detected at >8¢
z « Evolution of the deficit depth suggests the angular
2 .
3 resolution of 1.1 degree (mode energy = a few TeV)

2 1 0 -1 -2 18
Angle Distance (degree)



Frbush decrease in May 2024

Neutron Monitors and GMD

FD amplitude [%]

08/05 10/05 12/05 14/05 16}05
Time i
y
ALPAQUITA Anyl and Any2
] ! 1 i I‘ 2
SnocK-arrivai
g rlhanh g =
@ H
E
a2
= e
L
< i LTI \ 11
> A T o
2 g ‘M‘ \u i N )
5 T —— Anytsaccidental
8 e L ) * Any2+accidental
12 16 20 00 04 08 12 16 20 00 K 5
10 May 11 May 12 May 08/05 10/05 T\m;iézfmm] 14/05 16/05

Time (UT)

Hayakawa et al., ApJ, 979:49, 2025.
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Median rigidity and amplitude

10000 T T
Any1 -

~ Am2 —+—
. ny:
1000} & MAM —— 10°

count #/bin

¢ + NM data
* X  GMDN data
wo b 1 J“ 1 ALPAQUITA v Misato UGMD
g ‘P&W g Any1l -9 Any 1l
0} W" i g7y +F ALPAQUITA
{ € +
s Wﬁ I Any2 UL
a _'Fjl ‘ ] < in progress
v
0.1 e 1074
10" 10° 10" 10® 10° 10t 10° 10° 101 102 03
Rigidity (GV) Rm [GV]

ALPAQUITA response function in CR rigidity Median rigidity and FD amplitude

MC simulation with @ model CR spectrum and » ALPAQUITA Any1 aligns with the traditional experiments

composition ALPAQUITA Any2 will gi i
" A . . y2 will give a strong constraints at
Median rigidity above 12GV geomagnetic cutoff highest rigidity (UL determination in progress) s

Any1:76GV, Any2:960GV



Normalized density

PID with Muon lateral (MC study)
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Distance from shower axis [m]
k
R .
J
me = YN (f
J R

lateral distance weighted Nmy
k=0 : nominal

Experimental Astronomy, accepted (2025)
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Energy [TeV]
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sensitivity
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sensitivity improvement w.r.t. k=0 (nominal)
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Summary
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ALPAC

Environment Monitor at 04:45:11_2024/12/18

The ALPACA Experiment at Cerro Estuqueria, Bolivia

updated 04:45:11_2024/12/18)

Outside Air Control Room (Inside) Wind Speed |Wind Direction| Precipitation | mm
Ambient Temp. | 1.8 T _|Room Temp. 2390 T |ave] m/s |Ave] deg. |Duration sec
Humidity 80.6 % |Humidity 20.77 % |[Max| m/s |Max| deg. |Intensity mm/h
[Station Pressurel 579.7 hPa |Dew-point Temp  0.12 C |Min| m/s Min| deg. |Peak Intensity| mm/h

/Ambient Tempurature ['C]

Ambient Humidity [%]

Station Pressure [hPa]

Frus00 Prusn PTUs00
2 100 _ s
g B I
g e £ o~ ~
PN 19 § o
S o) 2 2 :
s - o N N 360
12008 2nse 12098 128 12188 12098 12178 12088 12198
Room Tempurature [C] Room Humidiy [%] Dew-point Tempurature [C]
Hwpso g0 ywes0
30 100 s
5 25 Wi, F w0 2
20 £ =
g 3 10
rity! z £
§iof 0! :
2 5 20 e P oo
P e 1 ° | !
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Wind Speed [m/s]

Wind Direction: North

Mt.Huayna Potosi & Mt. Chacaltaya
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Wind Speed (mis]

o
217 12118 12119

Wind Direction
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ALPAQUITA Air Shower Analysis

v- ray/cosmlc ray F Red arrow: E 20 TGV!

Interactlon with atmosphere F head -> core position «
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Relative position [m]

run#=23062501 ev#=110788 mjd=60120.0175874307 #ch=74
Theta= 24.58 Phi=-123.62 X=26.45 Y=-9.87 Sft=1116.6 Sd= 0.0
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Relative position [m]

Relative position [m]

evit=111107 76020972 #ch= 90

Theta= 36.03 Phi= 55.39 X=24.30 Y= 13.51 Sft=1959.9 Sd= 0.0
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