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Muon Puzzle

The observed number of 1 is larger than theoretical

model predictions in UHECR.

by Auger obs.
Ngat = 18N

m=) |\luon Puzzle
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Muon Puzzle is reported from many studies,
but there're many difference between observatory, analysis method, etc:

®» How to evaluate this deference ?

B 1n<NH) — 1n<N,u>p Normalizing the number of
Z = ; muons in data by that in MC.
ln<Nu>Fe o 1n<Nu>p Using simulation to
account for differences in
Primary Particle : Fe = z=1 observation.

Primary Particle:p = z=0

(Muon count corresponding to) =) 7> 1
Particles heavier than iron
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Muon Puzzle by various observations

ln(N,,,) — 1n<Nl~L>p

P

- In(Ny)re — In(Ny)p

SIBYLL-2.1

QGSJet-11.03

Normalizing the number of
muons in data by that in MC.

EPOS-LHC

QGSJet-11.04

z-factor

Fe

P

10'510'910'7 10" 10"

z factors are close to or exceeds 1 (i.e. heavier than Fe.)

10'15 1616 10'17 10'18 10'19

1015 1016 1077 10 10P

E/eV
z tactors are larger than expected from X,,,x measurements
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Auger UMD+SD
IceCube [Preliminary]
NEVOD-DECOR
Auger FD+SD
SUGAR

Telescope Array
Yakutsk [Preliminary]
EAS-MSU“
KASCADE-Grande®
AGASA [Preliminary]
Expected from Xpax

--=- GSF

“ not energy-scale corrected



Analysis Framework (Takeishi-san)

How can we identify muons with the TA SD?

Direct particle identification is not possible

EM component — attenuates faster than u

At large lateral distances from the core
(i.e., longer propagation paths)

—>

muons fraction becomes
higher

High muon purity

RN LS

B That area can be used for muon puzzle study"‘ShowerCOre
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Analysis Framework (Takeishi-san)
- High muon purity area:

- shower with large zenith angle
- opposite to the shower direction (i.e. downstream)

- distant from shower core
Shower Direction

A

Higher uratio is expected

for large 6, |®|, R Shower axis

Projection of the Downstream

| shower axis onto ¢
V== the ground surface \’y
o | Upstream

N “Grbiund Surface
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Analysis Framework (Takeishi-san)

average lateral distribution

Dataset (30° < 6 < 45°,150° < |¢| < 180°,10188 < E < 1019?)
cG_"‘I'UQE
Period: 7 years & f S
il 10‘:.— L dat
30° < 0 < 45° ‘ z E L MC QGSJET 1103 proton
1500 < |¢| < 1800 1; . ;::ELOGSJETILGSHUH
(88 19.2 I — — BN stat. + syst.
10188 < E/eV < 10 ol e,
: : . . 10"“% TR T
More distant area (i.e. high muon purity) ; e
10° - ——
: 1
Save,data > Save,MC 104 :
10'5;—
1U-GH 1 1 1
1500 2000 3000 4000 4500
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Plan

Step 0  Reproduction of Takeishi-san’s analysis
(QGSJET11-03, p, Fe, 10188 < E/eV < 10192)

Step 1 Model: QGSJETII-03 1 > QGSJET I1-04, EPOS-LHC, SIBYLL
(Proton, Fe) (Proton, Fe)
Step 2 Energy: 10188~10192 ¢y | > E < 10'88eV,101%2eV < E with TA SD

update  Higer/Lower energy with TAx4 TALE

Other Model = How does the result vary across different models?
How consistent are the results among different TA SD analyses’

Other Energy mp What is the energy dependence of the muon puzzle?
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My progress
Now: STEP O

— reproduce average lateral distribution
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Dataset

MC:
Model

Primary Particle
Energy Range
Zenith Range

Data:
Period
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QGS Jetll -03

proton

101745 < E/eV < 102955y

0°< 60 <60°
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DATA/MC Comparison

Reconstructed
DATA,MC events

DATA (Takeishi)
MC (Takeishi)

DATA (Tange)
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DATA/MC Comparison

After selection
4 N\ ARt
Data: 7'y

30°< 8 <45°

'ﬂ'1

DATA (Takeishi) L. L.

MC (Takeishi)

DATA (Tange)

11111

w0 18.0 18.5 15.0 19.5
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DATA

Average of S (VEM/3m™2)

103 4

101 4

1071 1

10—3 4

10~
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Lateral distributions: avg. signal size(DATA)

@ Average with Standard Error
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Compare with result of Takeishi-san

30° < B < 45°
150° < || <-180°

+ data

~1* MC QGSJET I11-03

_- Data(Tange)

R (m)

My result is seemed to agree with Takeishi analysis
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DATA

Distribution of signal sizes within each bin
slight differences depending on the analysis.

— Difference in handling of offline SDs and working-but-zero-signal SDs?
Distribution of Signal Size 920m < R < 1040m

14
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MC 15

Lateral distributions: avg. signal size(MC) Comparison with result of Takeishi-san
= —10°E
“ Average with Standard Error E = 300 < 9<450
™ o
3 ~ n3l 150° < |o| < 180°
10 = 10 "g « data
e S PFehe « MC QGSJET 11-03
— o =" - MC(Tange)
10" B g 101? .—.—ﬁ¢ :
= : e
10-1 4 T, -ID"l-E_ . . . " ':::'—'*-' -
3 i
DATA(Tange) - ik | I -
» MC(Tange) - s
10-* 3] ) '—1‘
: 107
1 = =
10%
0 6 x 102 10° 2 x 10° 3Ix10°  4x10° 10° e
MC(Tange) has larger average S from MC(Takeishi) R (m)
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MC

Lateral distributions: avg. signal size(MC)

1u3 R
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R is small = MC seem to agree with DATA
Ris large — MC's signal size is smaller than that of DATA
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Distribution of signal sizes within each bin

Signal Size distribution in 920m < R < 1040m Compere with result of Takeishi-san

30° < B < 45° T
""" 150° < || < 180°
920m <R« 1040 m
~--l—data
“1=—MC QGSJET II-03

Count
counts

Ip - DATA(Tange)
10t) j N - MC(Tange)

r TTTIMC(Tange)

1.::"[31._I !1_
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_ _ _ _ S (VEM / 3m°)
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Current Status 13

DATA Average lateral signal size - Shows a good agreement.

Signal distribution per - Not an exact match.
distance bin

MC A lateral signal si
verage lateral signal size # Shows an overall shift toward larger

Signal distribution per - values.
distance bin

Possible Causes

Difference in MC data sets

Issues in event selection (minor differences may still exist)
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summary
\ reproduction of distribution of data
ow reproduction of lateral distribution of MC
Next Update of MC model (QGSJET Il -03 — -04, EPOS-LHC)
ex

(Planning same energy range)

4
Other energy range

(Planning low-energy expansion with TA TALE or infill)
(or high-energy expansion with TAx4)
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back up
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Result by TA SD 21

Study with TA SD: QGSJet-11.03, 1088 < E < 10192 (Takeishi-san )
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Analysis Framework (Takeishi-san)

How can muons be identified with the TA SD?
Direct particle identification is not possible

EM component — attenuates faster than u

At large lateral distances from the core
(i.e., longer propagation paths)

—muons fraction becomes higher

» High putiyy muon can be observed
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Air Shower(Detection)
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°6

How to Observe Muons with TA SD?

Auger — Uses water tanks
Direct u measurement is possible via
the Water Cherenkov effect.

TA SD — Uses plastic scintillators

At high energies, signals from EM and
u are (almost) indistinguishable.

— u cannot be measured directly.

How can we evaluate the impact of
the Muon Puzzle?



Analysis Framework (Takeishi-san) Yo

Flag of SD

0. Dead SD

3. Passed aro

h. saturation

1. Not part of any cluster

2. Part of space cluster average calculation

4. Part of event mmm) |Jse the value as is
messs) [xclude
Working but No Signal) mmms) Fil| with zero signal /

(6). Other SD (
i ey ee————

Exclude from the

guh time pattern recognition

Szacnen
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Air Shower

p = proton

LL = muon

T = pion

V = neutrino
et = glectron
e” = positron
¥ = photon
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p+N-op' +N' +rat+7°--
First Interaction

- o>nt+nT +n” Hadron

n’ >y+y yoet+e”

(e~ bremsstrahlung) ~ ElectroMagnetic

Tt > u¥ +ut muon



Higher uratio is expected

for large 6, |®|, R Shower axis

Projection of the
_\é* shower axis onto
_-== the ground surface

a ==
-
o
-—
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- Ve ~

ange Analysis akeishi Analysis

0. Dead SD 0. Dead SD

1. Cluster _ 1. Cluster
==5=0TCiEHEDH 5 RN Y A

2. timing 2. timing

3. location 3. location

4. 1n event B 4. 1n event EF D F FEHH
EZ D % £ » "

5. saturation 5. saturation mp (500 < REDTEEN)

ZOMDSD W (E5E0TIED S ZOMDSD wp E5E0TED S

\_ AN
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Count

Count
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1'&5']*:

Histogram whiskmabsize faGs(red (9205, 1040.0))
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DATA

counts
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DATA, MC compalison

Energy Distribution

103 - - o

2 1
S =
G =
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3 107
U 4
|
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h T T T T T T T T
17.0 17.5 18.0 18.5 19.0 19.5 20.0 20.5
logl0(Energy / eV)
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Zenith Angle Distribution
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MC
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« data
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do not yet agree with Takeishi-san’s results.
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MC

Distribution of signal sizes within each bin

Count

10—1_:.

920m < R < 1040m D Signal Size 9%

20

40

60

80
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Count
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Analysis of SD data

Check with Amatersu particle

requirement

Zenith : 30< 6 <45
Azimuth : 150< A¢ <210
Energy : 10M"20< E < 10721
Radius : 500< r <4500
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SDs in Om < r < 4500m from core

Y[m]

® ]
[ ] @
o e ®

T T T T
00000000000000000000

SD in the fan-shaped area is the target!

Mmoo
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