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Southern Sky: A Promising Region for PeVatron Searches

Fermi-LAT GeV all sky’ o Many promising PeV CR accelerators
' » ge located in the inner Galaxy.
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Good energy resolution is essential for PeVatron searches.
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The ALPACA site
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ALPACA site

4,740 m above sea level
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ALPACA site

2025/12
‘ 150m MD is still under
- ' construction.

15m



ALPAQUITA and Air-Shower Recons‘,truction6/19

ALPACA :SDs=400 + 4 MDs area
ALPAQUITAC(this study) :1/4-scale surface array of ALPACA

Gamma ray or BG cosmic ray 97 SDs / No MD /a prototype array
Air shower (11,7, €) Surface air shower Detectors (SDs)
/ /M\\ N\ | “ # Measure secondary air-shower particles
N 2 AN ) NNL Y swswac (1) Particle density — Energy estimation
BRI AT e @ Arrival time — Direction estimation
Underground Muon Detectors (MDs)
A - Muon counting — y /CR separation

Rk This study focuses on energy
“/om=e estimation using SD _information.

reflector




Monte Carlo Setup for Energy Estimatio7r/119

Gamma-ray energy reconstruction is studied using MC simulation
— ¥ /CR separation is not included in this study.

Simulation SlmUIation ﬂOW
« CORSIKA 7.6400 _ Generation of primary gamma rays
e Geant4 10.04.p02 & AS simulation with CORSIKA
. _ l
» Hadronic model: EPOS-LHC / FLUKA - Detector response simulation with Geant4

MC conditions 108gamma-ray events é t ruction/E _
. Primary: gamma rays vent reconstruction/cnergy estimation

« Energy: 0.3 TeV -10 PeV
* Zenith angle: < 60° Energy-estimation performance

» Spectral index: —2.0 is evaluated by comparing

« Shower cores: within 300 m from the t ted di -
array center estimated an rue energles.
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Energy Estimator 1: 2 p

2 p :Total partlcle density measured by the surface detectors
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larger 2 p — higher Energy— 2 p can be used as an energy estimator



Energy Estimator 2: S, e

S, : Particle density at x meters from the shower axis

PNKG (1) =

1\;e 4.5 —5s) ( d )S_Z (1 n L)HLS Fit the lateral distribution
Fm 2D ()I'(4.5 — 2s) with the NKG function

Fm

'm

7" Used in other AS experiments
*® Telescope Array : Sgoo

18 Tibet ASy: Ssg

Lateral particle distribution (1 MC) o

¢ ¥?/naf 8.226 /10
¢ i Ne  4743e+04 + 7728

> 102k AR 0.6302 202873 < 10°F

= it Particle density E 17

e Top iy ataom=s, 3 e

S e ey S SO R 5 10°F 05 & _ _

e T o« = The optimal distance

s 10 ector & _ [ os © depends on the array.

oo 10T N : > — Need to determine
10°! iR o vow . the optimal value of x
Distance from shower axis [m] 107 1 I o o for ALPAQUITA.

S,, (particles/m?)



Two Goals of This Study

1. Optimize the distance x for the S, energy estimator for ALPAQUITA
— which x is the best resolution for ALPAQUITA?

2. Compare the optimized S, with conventional estimators

— Can S, improve the energy resolution?

10°E 10°E
— 10°E — 10
> = > =
QO o [0)] ™
£ F c
> | > T
o 10%E o 10°F
c C c -
L n L ::
(0] o [(D) -
2 f 2 7 Small X
10F 108 fluctuation?
S drstrrbutron shows a narrower
1 IlIl]Il 1 1 1
1 10° 103 104 105 10—1 1 10 102

1

—0.9

Conventional estimator: Z p Candidate estimator: S410

cell count / max
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ad Previous study Tibet ASy
; ; P : Ep
0.4*”"" ~|-@ N
il S0
_§ 0.3} ..fe.g.‘..'.
% i .., -
0.1 N ERE
leet AS y 550 glves
o | better energy resolution
10 102 10°

Ence [TeV]
K. Kawata et al., Exp. Astron. 44, 1-9 (2017).

—|nvestigate whether an optimized s,
can also improve the energy resolution
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Zenith-independent Energy Estimation

1. Divide events into S, bins
2. Determine representative true energy in each bin S. Kato et al., Exp. Astron. 52, 85-107 (2021).
3. Fit the representative points with a quadratic function

Previous ALPAQUITA studies
used this method with Z p.
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@ Divided s, bins

" @Determine representative
—energy in each bin

"~ Representative energy
= peak position from a_Gaussian fit

3fitting with quadratic function.
log1oE = a + b(log19Sx) i+ c(10g10Sx)°
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Zenith-dependent Energy Estimation

Shower development depends on the zenith angle.
— Fit the S, —energy relation in each sec 6 range.

15.5

MAPre s :
—u— 1. sec < 1. Vi I - .
. 198 <seed< 18 E;‘r:'ifﬁi:‘gliel‘o’f;:' 1 aclear zenith angle dependence of
o 188cseRIR 7 the S, and energy relation.
—— 1.30<se08< 1.35
—o— 1.35<secH<1.40.

|l|l||||||||l||

in each sec @ data — each fit function
logoE = a; + b;(log10Sy) + ¢;(10810Sy)?

10

log (E/eV)
a

— Different zenith angles give different
1 energy-estimation relations.

Jll

B I 1 | | l L1 | | 1 1| l 11| | 111 l 11| | 1 1 [ | 11 ]
060402 0 0204 06 08 1 12 14
Iog10(S4O)

1 1 1|

12.5
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Zenith-dependent Energy Estimation

The discreate fit parameters a;, b;, and ¢; depend on sec 6.
— Fitting these parameters as smooth functions of sec 6.

PR
a(sec0) =[p0 b +[p1 Ja *sec 6 + p2la *(sec6)? IR S S, — ————
b(sec8) =[p0 b +|p1.lb *sec® +[p2| b *(sec )2 1 ________________ ............... ................ _______________ —15
((s006) 0 b + pL b *sect + jd c*ts0c0) o S N S T R -

ED 0.2 ED

continuous conversion function ° 135

log,oE = c(secO) x (logpSy)? 04
+b(secl) X (log,yS,) + a(secd) ¢

1 1.056 11 115 12 125 13 135 14
secO

Improved energy estimation using both S, and zenith angle
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Zenith-Dependent vs Zenith-Independent method

Energy resolution vs ER (OU < B< 400) Energy bias vs ERec (0 < B6<40)
E . XEnergy resolution: """ ;-
DasE N width of the A dlstrlbutlon =

I 0_4§—........_... ...... —In(EreC/Etrue) ........................... :

L - W - ' A

g 0355_ S The zemth dependent The Zenlth dependent method

% 0252_ .......................................... ............... . .

5 o2 E— ...... et l) ............ e b g >< Energy b|as S R
0SS A 8 0 .mean of the Adlstnbutnon ______
012_ ....... 1 ................... : —In(Erec/Etrue)...............Z..._Z....'..i..i_
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Zenith-dependent method gives better performance.
— Zenith-dependent method is used in the following analysis.




Optimal Distance for S, : 40 m 8

10 301'9\/ —~— wff?—

—— 10 10?‘5|J TeV

_ | S30 and S,:
e~ gives best resolution
_30- 100TeV—‘— |
| S40: slightly better
| above 100 TeV

| following analysis

o
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e PRI (NS S O |
x of S, [m] —compare the other estimators



Comparison the performance of S, and 2 p o718

Energy resolution vs E (OU <0< 400) Energy bias vs ER (0 < B6<40)
ec

N 0.08
0. ...... - Zp _______ oo
~ 03 .......................................................................... L-”_: 0.04
ur w™ 0.02
“""8 0.25 s ot NG b Nl S
Lun: ..6 0
:_C:' 0.2 IR B XL SR B BRI B g ooz
o £
° b H'»‘Zh energies™\, % N UL O SN NI
-S40 gives clearly: R g PR s, gives a bias <~ 5% over
o1-better energy resolutlon -------- Sty PR the whole energyrange
10 30 10° 10° 10 30 102 10°

Er.. [TeV] e [TEV]
S.0 gives better performance at high energies (above 30TeV).

Low energy: the resolutions are similar — What happens if the Np;,
— S§,0 requires at least 16 hit detectors(Ny;,)for the lateral fit. requirement is relaxed?




Low-Energy Performance with N;, Cuts
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The lateral fit requires at least 16 hit detectors, limiting $4, at low energies.

— We relax the Ny requirement from 16 to 8 and 4.

0.7 T T Energy resolution'|

Lowering Ny;; threshold extends
to lower energies.

0.6—

0.5

0.4

E—

b ] e

o of In(E__/E.,.)

!

0.1—-— selection effect- R T SN R

e B PNy 216
—e— S40 Npit =8
o T Ny 28
—— S40 Mir =4
me 2 P Ny =4

Nyie = 16 does not reach
the low-energy region.

For Ny;c =4 or 8, 2 p gives
better performance than
S40 at low energies.

3
1 10 10° 10" ->@ low E, we use low Ny Z p
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Energy Dependent Ch0|ce of Estlmator

o
q

540 Nhlt —16 _
2 PNy =8 RN T N L 7 i, £ s o
. Z pNhlt :4 ;

o
o
|

o
3}
I

o of InE__/Eq,.)
o (=)
w £

. , the S,y Ny 16 bias
B .| i stays close to zero. bias<5%
p extends the energy : 5 e ¢ i AtlowE, the Z p Ny 4 bias
tlmatlon to the few TeV reglon ............ p SUUPRE 25 gtgys close to zero.

L4l T A B R R A E A R

10 107 10° 1 10 107 10°

zor [TEV] Er.. [TeV]
Based on the resolutlon, different conditions are adopted for low and

high energies. - .
g g These conditions are used in the
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Summary We performed an optimization of
the energy estimation for ALPAQUITA.

1. Zenith-angle-dependent S, energy estimation was optimized for ALPAQUITA.
The shower lateral distribution and zenith angle are used together to estimate the
primary energy.

2. S,ogives the best high-energy performance.

Among S,0—S7o, Sspgives the best overall resolution above ~ 10TeV.

Compared with the conventional £p method, the resolution is improved, with a
small energy bias of about 5% or less at high energies.

3. Different estimators are used for high- and low-energy events.

Ssorequires enough hit detectors for the lateral fit and is effective mainly above ~
1TeV.At lower energies, Zpwith a lower Ny threshold is adopted.

— Energy reconstruction was established
from a few TeV to the PeV region.



Back up



Aeft Tor the ALPAQUITA

the effective area strongly depends on the N,; requirement.

2

—

o
o

+— Above ~30 TeV
s+« Effective areas become
comparable.

—
o
T
| II||IIII

—
o
)

L III||I1

Effective-area response (m”)

| Atafew TeV, the effective
T areaof 2 p is several times
| larger than that of S, .

—
o
o

[ IIIIII_‘

c-aes Zp Ny 216
 —e— S40 Npie =8
I T IR . I p Np =8

10

é 10°
2
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Improvement over the conventional metnod

Energy resolution vs EREC (0 < B<40)
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2 p zenith Independent
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The new S,,method gives better
energy resolution over most of the
energy range.



Why does S, ooutpertorm Xp”

Particles falling outside the finite detector array are not
measured, so their contribution is lost in Zp.

« For showers near the array edge, ok o
Tpmisses particles falling outside of 1
the array and tends to = wp N
underestimate the shower size. 5 b o

* S4ois derived from a fitted lateral 2 o 50
distribution, making it less g 2 = Pee [
sensitive to partial shower € o e »
containment. wE <

~s0[— : . -200
C I Lo b by b b by by v v 1y

20 20 0 20 40 60 80 100
Relative position [m]



Possible origin of the low-energy recovery

« At low energies, only a small fraction of
events can reconstruct S,,.

« The selected events may be biased toward
well-reconstructed showers.

— The apparent improvement is likely due
to a selection effect, not an intrinsic
improvement of S40

Energy resolution vs ERec (OM < 6<40)

—
o
=}
fus

=

/E
Rec

o of In(E

0.1

0.7F
o.ef
0.53
0.4f
0.35

0.2




True Energy (TeV)

Abnormal Structures in the 2 o Distribution

Mis-reconstructed shower-core position
High-energy showers with cores outside the array
can be mis-reconstructed as having cores inside
—j0-8 the array.

0.7 Only a small part of the shower is detected, making
them appear similar to lower-energy showers.

10°

N
o
w

2

cell count / max

Structure mainly seen for 2 p

> p is directly affected by large signals from detectors

close to the shower core.

Therefore, fluctuations in the core region can produce a

large deviation in 2 p.

il sl B S40 is less sensitive to this effect because it is obtained
Sp from a lateral fit without directly using the innermost

region around the shower core.

-
o




Procedure for Determinin

1. Binning of the scatter plot

« Events are divided into bins of S,.

« FEach binis required to contain at least 25 events.

« The bin center is used as the representative S,,value.

g Representative Points

2. Peak fit in each projected distribution

For each S,,bin, the true-energy distribution is
projected.

The distribution is binned uniformly in log(E).

A Gaussian fit is performed around the peak.

The fitted peak value is taken as the representative
energy.

10

log (E/eV)

.

10°E 1 .
—~ 10°F
s :
= ©
I_; : E Ten B 125821 30 TruslnesgyDapendanca 56 K101 |
o o 2 . F :
o 102 05 5 5 35 :
5 = 3 & aof
- 04 — g
= | 8 =
= 0-3 20
: 0.2 15F
- 0.1 "
[ sE
1 L |||||||I L |||||||I ||||I L Ll 1 1111 0 q:llllllllll:lllll III
10—1 1 10 102 .103 26128 13 13.213.413.

S,, (particles/n)
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-nergy Resolution Achieved in This Work

S40 provides the best resolution above ok
several tens of TeV.

At 100 TeV, gy, = 0.18, corresponding
approximately to an 18% fractional energy
spread.

I.IE)

0.5F

IETr

Rec

0.4

o of In(E

0_3: e R NG IR

0.2

1 e | UG SO A SO S L S-S0 S-S0 SOOI SUPE B o S

oof InE= o [In(Erec/Etrue)] e

10

T Tey [10TeV  30TeV | 100TeV | 300TeV

N.4AXp 065 055 036 028  0.22
Ny 8Zp / 048 0.36 0.28  0.22
Ny 16 Spp  / / 0.32 0.8 0.13



s the current performance sutticient?”

« This work achieves gy, = 0.18 at 100 TeV with S,,.

« This performance is already comparable to other major air-shower
experiments.

e Further improvement in energy resolution is still valuable.

« However, at the ~ 10%level, absolute energy-scale uncertainty also
becomes important.

« — The current performance is meaningful, while further
improvement should be considered together with energy-
scale calibration.



How |s Energy Reconstructed in Other Air-
Shower Experiments?

A common approach is to use the shower signal at an optimal distance from the core.
ALPAQUITA s,,, Tibet s.,, and KM2A p-,are based on the same general idea.

Experiment Main energy estimator Reconstruction
ALPAQUITA 540 Lateral fit = S40— E(S49,60)
: Modified-NKG fit = Sgo—
Tibet ASy SSO zenith-Independent energy
) ED lateral fit = pgo— zenith-
LHAASO-KM2A ,050 dependent polynomial
HAWC Ground Parameter / NN -ateral signal at ~40 m or

neural network



Representative Energy Resolution around 100 TeV

The present ALPAQUITA performance is comparable to other
major air-shower arrays at around 100 TeV.

Experiment / method Reported metric Representative resolution

This work — ALPAQUITA S,, o[In(E ec/Etrye) ] ~(0.18 — =18%*
: log-energy ~1RO
[REE response width g

half-width of 120
LHAASO-KM2A central 68% ~13%
HAWC NN Olog, E ~23-25% equivalent*
HAWC GP Ologo E ~30% equivalent*
*Approximate fractional resolution
Definitions and analysis conditions are using oz/E ~ ay, ; for small fluctuations.

not identical among experiments. *HAWC values are approximate

conversions from log-space resolution.



What Limits the Energy Resolution”

- Energy resolution can be improved by optimizing the
energy estimator and including shower-development
information.

« /enith-angle dependence reduces systematic shower-development
effects.

« Additional parameters such as shower age may further improve the
estimation.

« However, intrinsic shower-to-shower fluctuations remain.

 These include fluctuations in the first interaction and subsequent
shower development.

* Therefore, the achievable resolution is ultimately limited
by both shower fluctuations and reconstruction accuracy.



What Is New in This Analysis?

* New within ALPAQUITA

« First implementation of zenith-angle-dependent S, energy estimation
« Systematic optimization of the reference distance: S,5—S70 — S0

« Study of the hit-detector requirement for the lateral fit, including low-
energy efficiency

« Optimization of the estimator over a wide energy range

 In the broader field

* The basic concept is not new worldwide

« Similar approaches are already used in other air-shower experiments
e.g. Sco/n LHAASO-KMZA, Ssoin Tibet Asy (not zenith)

« The key point of this work is to optimize the method specifically for
ALPAQUITA



Total E resolution &E bias

--e--- 2 P Ny =16
—e— 5S40 Mpit =
o= 2 P Npjt =
—— S40 Npit =
=== 2 P Npje =

biasvsE_ (0 < 6<40)
Rec

Energy resolution vs ER (OU < 0<40) Energy
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