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We have simulated the Telescope Array FADC fluorescence detecter and surface detector array
dataset from Jan. 2008 through Nov. 2018 with CORSIKA generated MC sets using three high-
energy interaction models: QGSJetll-04, EPOS-LHC, and Sibyll 2.3d, and with four separate
nuclear species for each model: hydrogen, helium, nitrogen and iron. The simulation includes
detector response characteristics both of the surface detector, done using GEANT4, and for the
fluorescence detectors, using ray-tracing, atmospheric attenuation and trigger simulation. Using
the model and species data in energy bins, we created template X, distributions, and used these
templates to find the fractions of each species that best match the hybrid data for each model.
The fractional fit was performed using a Markov Chain MC method which allows sampling of
the likelihood space of the fractions. We present the fractions for each model and show the
correlations between the fit fractions.
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1. Motivation

Telescope Array (TA) and Pierre Auger Observatory (Auger), through their Joint Composition
Working Group, are working to understand the composition of ultra-high energy cosmic rays (UHE-
CRs). To compare results accounting for systematics, TA has been simulating Auger observations.
This involves representing Xpax distributions with fractions of different nuclear species (protons,
helium, nitrogen, and iron) and using these in full detector simulations. This work presents the
fitting TA’s Xnyax distributions in order to determine similar fractions.

2. Data

We use TA hybrid data from the Black Rock Mesa (BR) and Long Ridge (LR) fluorescence de-
tectors taken through Nov. 2018 (10 years) [1]. This data has been used in previous TA compositions
analyses and in TA & Auger working group comparisons [2]. The energy range is 10'3-2-101%4
eV. The template X ,x distributions of single-species data as accepted and analyzed by TA, have
been generated in the same way as in the works cited above, but using three different high-energy
interaction models: QGSJetlI-04, Sibyll 2.3d, and EPOS-LHC.

3. Fitting

To determine the UHECR composition, we used a Markov Chain Monte Carlo (MCMC) to fit
the observed Xp,.x distributions with fractions of different nuclear species. Initially, we considered
four species (protons, helium, nitrogen, and iron), but due to strong anti-correlation between helium
and nitrogen, leading to unstable results, we reduced the model to three species (protons, nitrogen,
and iron) for a more reliable fit.

We used the emcee [3] implementation of an MCMC, with a likelihood calculated from the
Poisson probability to observe n; data events in an X« bin with the expectation y; from the vector
of fractions f of the templates.

L ()i gti ()
L) = l—[u ( )nf

The MCMC fit results are shown in corner plots for the Sibyll 2.3d model in Figures 1-3.
The other models have similar corner plots. Red lines indicate the fraction value for the maximum
likelihood fraction fit, while blue lines indicate the range of fraction values within 1o of the
maximum. All three fractions are shown, although there are only two independent fractions. The
upper-right corner contains the Xp,.x distribution of the data compared to the best-fit result from the
MCMC sampling.
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Figure 1: Corner plots of MCMC fraction fits to Sibyll 2.3d templates for data in energy bins log,, E /EeV
0.2-0.3, 0.3-0.4, 0.4-0.5, and 0.5-0.6. The resulting match of the templates fit to the data is shown in the
upper right corner. Histograms of the number of samples for each fraction value shown on the diagonal.
Scatter plot of samples two fractions at a time shown in the lower triangle.
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Figure 2: Corner plots of MCMC fraction fits to Sibyll 2.3d templates for data in energy bins log,, £/EeV
0.6-0.7, 0.7-0.8, 0.8-0.9, and 0.9—1.0. Description of plots the same as in Figure 1.



TA Hybrid Fractional Composition

Jihyun Kim

300

2500
2000
1500
1000

3%

0z 04 06 08
proton fraction

1.0 =logjo(E/EeV) < 1.2

nitrogen fraction

0z 04 06 o8
proton fraction

2500

2000

1500

1000

500

2
nitrogen fraction

10

Hnam events 98

600

800 %00 1000

00
Xmax [g/fecm2]

iron fraction

0z 04 06 08
proton fraction

iron fraction

02 08
nitrogen fraction

02 04 06 08
iron fraction

10

9+13-8%

2000

1000

00 02 o0a 06 08
proton fraction

1.2 < logjo(E/EeV) < 1.4

Data events 30

800 90 1000

&0 700
Xmax [g/cm2]

c 2000
=]
2
o© 1500
=
S 1000
g
p=} 500
c
02 08 10
proton fraction nitrogen fraction
10 10
08 13+18.13%
c c
o o
‘a t‘, o6
s s
= E L
= c 04
< <
- ~ 02
- oo
02 o4 06 08 1o 00 02 04 06 08 04 06 08 10

proton fraction

nitrogen fraction

iron fraction

Figure 3: Corner plots of MCMC fraction fits to Sibyll 2.3d templates for data in energy bins log;, E /EeV
1.0-1.2 and 1.2-1.4. Description of plots the same as in Figure 1.
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4. Fractional Fit Results

The best-fit fractions from MCMC with 1o uncertainties are given in Table 1 as percentages.

The fractions are plotted, in the Figures 4 and 5. In the stacked plots, proton fraction uncertainties

are shown the bottom, iron fraction uncertainties on top.

The fit should reproduce the mean and RMS of the data Comparisons are shown below the

stacked histograms.

We don’t display the RMS with less than 50 events, which precludes a

comparison of the width in the 1.2 < log,y(E/EeV) < 1.4 bin. We also don’t show any fit results
for energies above 1.4 < log,,(E/EeV) due to data statistics.

QGSJetII-04 Sibyll 2.3d EPOS-LHC

log,o(E/EeV) | proton ‘ nitrogen | iron | proton | nitrogen | iron | proton | nitrogen | iron
0.2-0.3 56+ 33t | 11 | 403 34+ 263 | 50% 21% 293
0.3-0.4 524 457 | 3t | 40 3673 | 247 | 5513 167, | 293
0.4-0.5 68" 30* 283 | 41%, 44*¢ 15 | 58% 277, 1543
0.5-0.6 69+, 317, 0ty | 437 42+ 15%, | 58* 23*¢ 20"
0.6-0.7 70* 26*7 441 41%¢ 458 154 | 524 29*7 19%
0.7-0.8 5778 | 4377, | 07 | 36t | 50*M0 | 14*C | 4977 | 31*10 | 20*¢
0.8-0.9 62+% 387 | 0% | 3570 | 5473 | 12t | 46t | 38t | 1577
0.9-1.0 6370, | 37 1 | 44t o4a0ty | 16ty | 57| 2670 | 18*
1.0-1.2 83+12 | 17710 | 09 | 4013 | 52tl6 | 8t | 67t0 | 16th | 171
1.2-1.4 37418 1 e3tl6 L 0ry | 9fP | 78l | 1371 1 20t | 56tk | 257M

Table 1: Fractional Fit Results




TA Hybrid Fractional Composition

Jihyun Kim

TA Fit Fractions with QGSJetll-04

¢ iron

Nitrogen
# protons

Fraction
N o
- [=2]

800

04 06 08 10 12 14

logi10(E/EeV)

TA Fit Fractions with QGSJetll-04

0.6 0.8 1.0
logi0(E/EeV)

(Xmax) from 3 Fit Fractions with QGSJetll-04

780

720

& Data
& MCMCFit

+
w # f ++ + H

04 06 10 12 14

08
logio(E/EEV)

o 0(Xmax) from 3 Fit Fractions with QGS)etll-04

Xmax [g/cm?]
8 ]

]

& Data
& MCMCFit

04 06 10 12 14

08
logio(E/EeV)

Fraction

Xmax [g/cm?]

Xmax [9/cm?]

&

I
o

©
'S

80

720

8

8

TA Fit Fractions with Sibyll 2.3d

# ron
Nitrogen
#  protons

10 12 14

TA Fit Fractions with Sibyll 2.3d

0.6 0.8 10
log1o(E/EeV)

{Xmax) from 3 Fit Fractions with Sibyll 2.3d

& Data
& MCMCFit

f
R

04 06 10 12 14

[2:]
log10(E/EeV)

0(Xmax) from 3 Fit Fractions with Sibyll 2.3d

& Data
& MCMCFit

LR h “ “ |
i

04 06 10 12 14

08
log10(E/EeV)

Figure 4: Result of fraction fits for QGSJetIl-04 (left) and Sibyll 2.3d (right). Actual fractions (with errors)
on first row, stacked fractions with H and Fe errors (inverted) second row, (Xmax) comparison of fit and data
third row, 0" (Xmax) comparison of fit and data fourth row.
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Figure 5: Result of fraction fits for EPOS-LHC. Actual fractions (with errors) upper left, stacked fractions
with H and Fe errors (inverted) lower left, ( Xj.x) comparison of fit and data upper right, o-( Xpmax ) comparison

of fit and data lower right.
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