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Why Inclined Events?

\\ \ l Standard

.- Extend

) the recon.
.~ method

If extended from 5b5deg to 70deg, ~1.3x aperture of surface detector array
= Retroactively increase the number of events for UHECRs observation.

- TAx4 SD o6yr observation = TAx4 SD ~8yr observation equivalent

- TA SD 17.5yr observation = TA SD ~23yr observation equivalent

Visible region on the sky expands to lower dec. = Com. band with Auger expands.

Muon component is dominant — Suitable for study on muon excess
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Ongoing Analysis and Future Plan
Telescope Array has been observing UHECRs using SD array since 2008.

Much higher statistics are required especially for UHECRS.
— TAx4 expansion (expand array area) and
Inclined air showers analysis (retroactively enlarge aperture)

Inclined Air Showers Analysis for TAx4 SD — Achieved ~1.5x increase in stat.
Similar Analysis for TA SD is now ongoing. — Increasing furthermore

Now we can estimate UHECR mass using a DNN, from SD data (~10x stat. of FD)

It join inclined analysis and DNN analysis,
(Of course, this includes optimization of DNN method for inclined events.)
— Obtain energy, arrival direction and mass together in the highest statistics ever

— We can select highest and lighter events.

= Charged particles “astronomy” in the future
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Previous Work

Inclined Air Showers Analysis for TAx4 SD has been performed.

We extended from b5bdeg to 6b5deg for TAx4 SD
- Extended the energy estimation table
- Data/MC comp. = No significant discrepancies even in large zenith region
- Measured energy spectrum including inclined events
= Increased ~1.5x in statistics

Similar Analysis for TA SD is now ongoing.

We have been extending from 55deg to 65deg for TA SD
- Updated the energy estimation table (w/ QGSJETII-04)
- Data/MC comparison
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Event reconstructions with SDs

Geometry fitting
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To minimize

N FIT\2
2 (ti —t;) (R — Rcoa)
X f—
¢ ; 0-’?1 %icoc;
where,
1.5
R R 7= (8 x 107448S) a(6) (1 0+ %) p0%
1.5
o, = /0% + 02 = (7 x 107448 .9(10 i) 03
¢ or = (T % 1S) a() taom) P
3.3836 — 0.01848 6 0 < 25°
a(f) =< 303+ 202 +c10+ ¢ 25° < < 35°

(D Use detectors location e»(-32x10720+20) 6> 35°
and timing to determine

50 T
4815 e E,
=L o ucted Oz
frec = 55.0deg ] s
Drec = 235.5 deg 2 ] c{)gt
40 - 16 45 re
b i wis G0 w7 X%
. 115.0 | X
o8 4509 & 2 um E} s 5 o ,’}:
25 re
o 5 4416 4417 4418 4419
7 30T gos oo #10. w2 g g g Hro gt gis o
EY
z ’ 14315 317 4318 4319 =
g gos oo o g gz gs g s ge g g £
2 " 7 g 14215 4 4219 B
£ A 2 s0f o gos g g0 g FR EY pu B0 B 8T 80 8 100 £
£ 20t e < :
= » ; :
= o a4 4 T
0 t {15 =
| , P, COre pOSI |O|I
[ 09 3 3816 3817
"""""""""" A o BB BU g S BN BT B B
2 — n=0km
—ar 3714 3715 3716 3717 1
or - “:jim H 40 o oguoge g g g g g s
e n=4km
; 612 3613 3614 3615 3616
2655/ T07 15 — e
‘ ‘ y ; v 0.0
along u || km m = 5 > -

~
7

co = —T7.76168 x 1072, ¢; = 2.99113 x 107 %,
shower core and direction@ = —8.79358 x 1073, ¢3 = 6.51127 x 10~°

@ Fit counter signal size  =° \ [ 3800] = signal size
to find lateral distribution  |'g|” at 800 m from
<[ shower axis
[x]
|
LDF fitting E
- . . 10 YVU 1211 N 5
_Cl*‘ioﬂ;c:i:?mgi):erameters. R, Ry, A \ Lateral dlstance
N FIT R —-R 2
X%DF = Z (p ng ) + ( o2 COG)
i=0 pi Rcoc
where,

B A( S )—1.2 (1 N S )—(7](9)—1.2) (1 n [ S :|2> —0.6
P~ \91.6m 91.6m 1000m

n(0) = 3.97 — 1.79 [sec(d) — 1]

0, =1+/0.56p + 6.3 x 10-3 p?

Energy determination

|E Y
=
S800 = p(800m) St E = Ecorsika.sp/1.27
g
(MRS Ry | 1.1 12 .3 1.4 15

@ Use Sgqo and zenith angle to look up energy
(from energy estimation table generated from M

TADAML 2025 @ ASIoP



Creation of Energy Estimation Table

A new energy estimation table for the TA SD has been created
(w/ QGSJETII-04, p), enabling energy reconstruction
In the zenlth angle range from Odeg to 70deg

Selection criteria
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Data/MC comparison

Period
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Selection criteria
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Data/MC comparison

Ny
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New Analysis Database: HDFb5

At this moment, many people using TXT file (convert from DST file) for analysis

HDF5: new database for TA analysis (especially for DNN)
- Hierarchical structure: organize data in groups and datasets
(like directory, e.g. /MC/QGSJETII-04/proton/data)
- High speed binary format: faster read/write and smaller file size than TXT files.
- Partial I/0O: load only necessary parts
- Multi languages: supported in python, C/C++, etc.

DST file converter to HDFb5 file: dstparser (Hands-on Session tomorrow)

New TA SD dataset (HDF5 converted by K. Fujisue)

MC (Differences from previous analysis) Observed data

- Same period as observed data From May. 11th, 2008 to Apr. 22nd, 2024
- QGSJETII-04 p, He, N, Fe (16 years)

- e [0°, 70°
Ogen € 10 ’1520] 205 16 years of Obs. and MC data size
" Egen € [10777 eV, 1077 eV] TXT file: >~20GB (After cut)

- TO00 CORSIKA showers for each energy bin HDF5 file: <1GB (Before cut)
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Data/MC comparison
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Data/MC comparison
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Summary

Inclined air showers analysis with TA SD
We performed Data/MC comparison including large zenith angle events.
— They have discrepancies in zenith angle distributions only with p MC.

Preliminary result of Data/MC comparison with HDF5 files including other

primary particles than p in MC
= They show better agreement in zenith angle distributions and even for

other parameters.

To do

- MC weighting with 6

- More precise comparison for TA SD and TAx4 SD

- Join inclined analysis and DNN analysis — optimization required
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Energy Calibration

The SD energy of the TA is scaled to the FD energy in the hybrid analysis.
In the standard energy estimation table (w/ QGSJETII-03), the scaling
constant was calculated to be 1.27 (recent study shows 1 217—1.257).

[ e%014.1=0.014 +/- 0.010 | | Entries
Mean
21: H TEEE cerE cerE ee ree Entries 1131 L L ]|swoe 0327
: 140 3
20.5 ] - /
205 ] 120: [ L
S % 1 100f |l Lee
o 195 00 B
2 o [
u.|‘% 19F , ] 80: y“ \
E: - 1w
o r . [
18F - 40f \1
17.55450 g E 20: :
- ine - n . . .
1‘;“‘;7.5““18I“‘;8.5““19”IIIQ.E;IIIZOHIéO.E;“I;1 Q;H_ILE;I | “_Io_;jnlonlb_é” 1 I:|_5”“-2 from.K. thyun, AnalySIS
logo(Erp/eV) In(Esp/Erp) meeting, Apr. 2025

In this work, we newly created the energy estimation table using
QGSJETII-04 as a hadronic interaction model.
= We calculated the scale factor for the new energy estimation table.
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Energy Calibration

TA hybrid (BR and LR) data of 12yr (up to Feb. 2020) observation

are used for energy calibration

Selection criteria for hybrid dataset
- Good weather condition

- Number of hit PMTs of FD > 20

= Ohybrid < 55°

- Shower core must be inside of

the SD array.
- Xmax Must be observed.

Selection criteria for SD dataset
- Osp < 55°
- Shower core must be
1.2 km far from border
- Xgeo/Ndf < 4 N y{pp/ndf < 4
- Ogir < 5°
- 0(Sg00)/Sgo0 < 0.25

The energy threshold is set to be 101%° eV because new table allows the

energy reconstruction above 101> eV.

A total of 265 events are reconstructed above 10190 ev

2025/10/15 TADAML 2025 @ ASIoP
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Energy Calibration

Energy scale factor Eroc = 10182 eV | Epoe =100V
Standard energy estimation table
(QGSJETII-03, Eyen = 1018 eV) 1.27 (1.25) 1.24
New energy estimation table - 116
(QGSJETII-04, Egep = 1018 V) |

We calculated the energy scale factor for the new energy estimation table

to be 1.16 (for > 101°9 eV).

This is smaller than 1.24 (for > 1019 eV) for the standard energy est. table.
= Possibly due to differences in hadronic interaction models
This tendency is qualitatively consistent with previous studies.

For this work, we will use the value 1.16 for the energy scale factor
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QGSJETIFO03 vs WGSJETI-O4
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TA SDORFRZES LK /\NOVEEERE
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21
Tentative energy scale calculation for QGSJET [1-04 p, Fe

* For QGSIET 1I-03 proton, energy scale sg3 , was determined using the hybrid data:

503 p = 1 / 1.27 T Abu-zayyadetal., ApJL 768, L1 (2013)

. - o] ! 1 QGSJET 1I-04, p
B3, = EPY X sz = Eo /1,27 - | 1 QGSJET 1I-04, Fe
[
(EggB]z; /1.27)/ (Eg;np/ 1.27)=1 (on average) ;40'
[0
Ep3y /(Eg;np/ 1.27)=1 (on average) 3 .
©
* Ep3p/ (Egenx Sm) should equals to one on average. g -
« MCevents for £ " > 10183 eV o
* Tentative calculation of energy scale using MC events: 4 101
Sm = exp(In(Z5°, JES)
°ls 10 o5 oo os 1o 15
» Tentative energy scales: In(Eo3 o/ER")
* QGSIET II-04 proton  Sg4,, ~1 /1.19
e QGSIJET lI-04 iron SosaFe ~1/1.11 from K. FUjiSUG, Analysis
Caveat: these energy scales are tentative for this study meeting, Feb. 2025
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In(1.27/1.19) = 0.07

0.07 (1.19) K. Fujisue —=—%F

Analysis meeting,
Feb. 2025
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Da'['_a/MC C()mparison Area normalize for 6 < 55°
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RMAX and Core Difference
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Hypothesis of Difference in Lateral Dist.

Vertical shower Inclined shower

. \True axis
Recon. axis

Recon. True axis

axis = Downstream:

h < longer pass length
(D Observed Data

less particles
Up stream: \

more particles = 8 True core pos.

Recon. core pos. True core pos. Recon. core pos.
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Hypothesis of Difference in Lateral Dist.

Vertical shower Inclined shower

. \True axis
Recon. axis

Re_con. True axis
axis

@ MC

fin MC (RMAX 0.2-1km)

True core pos. Recon. core pos.

Discarding particles
in MC (RMAX 0.2-1km)
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ue core pos.

Recon. core pos.
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Hypothesis of Difference in Lateral Dist.

Vertical shower Inclined shower

Recon. a

Recon. e axis

axis Distance cut in Data & MC

w/i 800m from shower axis

“w/i 800m from shower axis ue core pos.

Recon. core po [rue core pos. Recon. core

No difference observed Difference occur downstream near core?
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Comparison on Lateral Distribution Eec=10"%ev

Particles density measured by all detectors used for reconstruction
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Comparison on Lateral Distribution Eec=10"%ev

Particles density measured by all detectors used for reconstruction
MC events are weighted by thrown energy.
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Comparison on Lateral Distribution ,,,

Particles density measured by all detectors used for recon.™
Azimuthal asymmetry Is introduced
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Comparison on Lateral Distribution

Particles density measur

Particle density [VEM/m?2]
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Data/MC comparison [TAx4]
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