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Physical motivation

Study of muon production depth by simulation

• Introduction of data simulation

• Reconstruction method of Muon Production Depth(MPD)

Features of the muon profiles 

Relevant factors of  Xmax
μ

reconstruction

• Time resolution of muon detector

• Core and angular reconstruction resolution

Summary and Next plan
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Physical Motivation

 Muon production in air shower
✓ The main contributions to the muon component in air showers are the decay of  charged pions (𝜋+, 𝜋−)and 

kaons (𝐾+, 𝐾−, 𝐾𝐿
0), and other charmed particles, such as 𝐷±, 𝐷0,J/ψ

𝑝 + 𝑁 𝑜𝑟 𝐴 → 𝑝 + 𝑁 𝑜𝑟 𝐴 + 𝑛𝜋±,0 + 𝑋

𝜋± → 𝜇± + (𝑣𝜇)

✓ The production depth of muon can trace the positions of charged pions , so the longitude development of 

muons preserves the information of primary particles and plays an important role in the study of  composition 

identification.

 Purpose to study muon

✓ Measure the cosmic ray energy spectrum and mass 

composition

✓ Help to study the hadronic interaction models

✓ Provide insight on whether new physics phenomena 

take place • Xmax: the air depth of the shower maximum development

• Xmax
μ

: the depth along the shower axis where the production of muons reaches 

maximum
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➢ Method 1: By tracking the trajectories of the muon

➢ KASCADE-Grande (reaches up to 1018eV)

➢ Method 2: By the arrival time of muons

➢ Surface detector of Pierre Auger Observatory(reaches up to 1020eV)

We try to reconstruct the muon 

production depth by the arrival 

time of  muon in 1016eV

Physical Motivation
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➢ Simulation with CORSIKA (v76400)

➢ EPOS-LHC+GHEISHA

➢ Altitude: 4410m (vertical air depth= 600𝑔/𝑐𝑚2)

➢ Energy: 10PeV; 5PeV; 1PeV

➢ Zenith angle(𝜃): fixed 45°

➢ MUPROD: additional information of muon

Number of shower 10PeV 5PeV 1PeV

Proton 1000 2000 2000

Iron 1000 2000 2000

* In order to ensure the shower full development, the zenith angle is selected as 45°

Introduction of data simulation
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➢ Considering  geometric delay as :𝑡𝑔 = (𝑡𝐴𝐵 − 𝑡𝐴𝐶)

➢ 𝐴𝐵 = 𝐵𝐶2 + (𝐴𝑂 − 𝐵𝐵′)2

➢ 𝐴𝐵 = 𝐴𝐶 + 𝑐 × 𝑡𝑔

➢ Correction by the path traveled by the parent 

mesons :𝑡𝜋~3𝑛𝑠

𝑨𝑶 =
𝟏

𝟐

𝑩𝑪𝟐

𝐜× 𝒕𝒈
− 𝐜 × 𝒕𝒈 − 𝐜 × 𝒕𝝅 • The muons are produced on the shower axis

• Muons travel in straight lines at the speed of light c

• Geometric delay is dominant

Reconstruction method of Muon Production Depth(MPD)



2021/10/27 2021 TEV Particle Astrophysics Conference 7

✓ Approximation: The muons are produced on the shower axis and travel in straight lines

* most muons have small distance to shower axis and also lie within small Δ° (The angular 

difference between the production and incidence at the ground )

Reconstruction method of Muon Production Depth(MPD)
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✓ The geometric delay is dominant(𝒗𝝁 ≈ 𝒄)

* t𝐵 + 𝑡𝑅𝑒𝑚 < 𝑡𝑡𝑜𝑡𝑎𝑙 × 10% when r>400m(102.6)

* 𝑡𝑔 is dominant when r>400m

• 𝐭𝐭𝐨𝐭𝐚𝐥: total(measurement) time delay

• 𝐭𝐠: geometric delay

• 𝐭𝛜: kinematic delay

• 𝐭𝐁: geomagnetic delay

• 𝐭𝐑𝐞𝐦: multiple scattering

r: distance from muon position to core on SFP

t[
n

s]

log10(r)[m]

Reconstruction method of Muon Production Depth(MPD)
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◆ Correction for 𝒕𝒈

• The relationship between the 𝑡𝜖 and r of different primaries with different energy is similar 

• The relationship between 𝑡𝜖 and r of different compositions and energies can be fitted with an 

exponential function:

𝑡𝜖 = exp(−0.57 + 1.276 × 𝑙𝑜𝑔10(𝑟))
✓ 𝒕𝒈 = 𝒕𝒕𝒐𝒕𝒂𝒍 − 𝒕𝝐

Reconstruction method of Muon Production Depth(MPD)
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◆ Fit the longitudinal profile of the muon

Features of the muon profiles

• The differences between the MPD distributions at different distance to the 

core and different coverage are small 
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◆ Fit the longitudinal profile of the muon

Features of the muon profiles

𝐹𝑖𝑡 𝑓𝑜𝑟𝑚𝑢𝑙𝑎:
𝑑𝑁

𝑑𝑋
= 𝑁𝑚𝑎𝑥(1 +

𝑅

𝐿
(𝑋 − 𝑋𝑚𝑎𝑥

𝜇
))𝑅

−2
𝑒𝑥𝑝−

𝑋−𝑋𝑚𝑎𝑥
𝜇

𝐿𝑅
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Features of the muon profiles
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• The reconstruction bias of Xmax
μ

for Proton is smaller than that for Iron

• The Xmax
μ

resolution improves with energy increasing

• Xmax
μ

can be used to identify mass compositions of cosmic rays.

The 𝐗𝐦𝐚𝐱
𝛍

study with different energies
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• The time resolution can affect reconstruction bias of Xmax
μ

• The time resolution has little influence on Xmax
μ

resolution 

The 𝐗𝐦𝐚𝐱
𝛍

study with different time resolution

reconstruction bias 𝑿𝒎𝒂𝒙
𝝁

resolutionreconstruction bias 𝑿𝒎𝒂𝒙
𝝁

resolutionreconstruction bias 𝐗𝐦𝐚𝐱
𝛍

resolution
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• The core resolution has little influence on the reconstruction of  MPD 

The 𝐗𝐦𝐚𝐱
𝛍

study with different core resolution

reconstruction bias 𝐗𝐦𝐚𝐱
𝛍

resolution
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• The angular resolution has a great impact on the reconstruction of  MPD

The 𝐗𝐦𝐚𝐱
𝛍

study with different angular resolution

reconstruction bias 𝐗𝐦𝐚𝐱
𝛍

resolution
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Summary

• The longitude development in the air shower and Xmax
μ

can be reconstructed according to the 

geometry effect

• The time resolution and core resolution have little influence on the Xmax
μ

resolution

• The time resolution and angular resolution also affect on the reconstruction bias of Xmax
μ

Next plan

• The well performance muon detector in LHAASO will be used to measure the MPD 

• Identify mass compositions of cosmic rays by Xmax
μ

• Measure <lnA>  by the Xmax
μ

and it’s fluctuations 

Summary and Next plan
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◆ Measure the mass of cosmic rays by the reconstructed muon profile

* Measure < 𝑙𝑛𝐴 > by learning the longitudinal development of muons

* Identify mass compositions of cosmic rays.

BACK UP
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BACK UP3m
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BACK UP4m



2021/10/27 2021 TEV Particle Astrophysics Conference 22

BACK UP5m
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BACK UP0.1451
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BACK UP0.2407
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BACK UP0.338
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