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Abstract. The FLUKA Monte Carlo program is used to
predict the angular distributions of the muons which origi-
nate from primary cosmic gamma rays and reach sea level.
This yields the inherent angular resolution of any instrument
utilizing muons to infer properties of gamma ray primaries.
Various physical effects are also discussed which affect these
distributions in differing proportions.

1 Introduction

Muons detected at ground level arise mainly as decay prod-
ucts of charged mesons. These mesons are created abun-
dantly in hadronic showers of primary cosmic ray protons
and nuclei interacting inelastically with the nuclei of the at-
mosphere. A small fraction of muons, however, have their
first origin in photonuclear reactions of primary cosmic gamma
rays. Despite their relative scarcity compared to the large
background of muons from hadron-generated showers, muons
originating from primary gamma ray interactions are impor-
tant for ground-based high statistics cosmic ray experiments
sensitive to energies≤ 10 TeV such as MILAGRO (2000)
and GRAND (Poirier et al. (1999)). Cosmic gamma rays, un-
like charged hadrons, are unaffected by magnetic fields and
their direction points directly to the location of their source.
Therefore, an accumulation of muon angles around a partic-
ular angle (and also at a particular time in the case of pulsed
sources or gamma ray bursts) carries direct information about
the location of the source and the neutrality of the primary
causing the excess.

The information about the primary gamma direction is de-
graded by multiple physical processes so the final measured
direction of the secondary muon is no longer collinear with
the primary gamma. The angular resolution is affected by the
angle of production of the mesons in the primary and subse-
quent interactions, the decay angle of the muon relative to
its parent meson, Coulomb scattering, and deflection in the
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Earth’s magnetic field. These effects depend upon the energy
of the primary, on various properties of the atmosphere such
as pressure and temperature, etc.

The present study is to calculate the influence of these
various effects on the ultimate angular resolution which can
be obtained utilizing ground level muons. The Monte Carlo
program FLUKA (Fass̀o et al., 1997a,b, 2000a,b) provides
an accurate and well-tested description of the hadronic and
electromagnetic interactions with all the relevant physical ef-
fects. The physical models implemented in FLUKA which
are relevant for the present study as well as added details to
the present paper are discussed in Fassò et al. (2001). Only
incident cosmic gamma rays at perpendicular (vertical) in-
cidence on top of the atmosphere are considered. Ground-
based experiments often choose angles close to normal for
reasons of simplicity and because the detection rate is max-
imum. For small angles from normal, the angular resolution
results will probably not differ significantly from those pre-
sented in this paper.

2 Monte Carlo simulation of gamma ray showers

In order to study the dependence of the shower properties on
the primary photon energy, the showers were calculated for
monoenergetic photons impinging vertically on top of the at-
mosphere (taken to be 80 km above sea level). Primary en-
ergies of 1, 3, 10, 30, 100, 300, 1000, 3000, and 10000 GeV
were studied. The atmosphere was approximated by 50 lay-
ers of constant density with the layer-density decreasing ex-
ponentially with altitude as in Fassò et al. (2001). The geom-
etry has its origin at the intersection of the shower axis with
sea-level,z is down,x is North, andy is East.

The effect of the Earth’s magnetic field is discussed later as
it depends on geographical location. Fig. 1 summarizes the
deviations of the angle of the muons which reach sea level
from the primary gamma direction (vertical angle). It shows
the distribution of the angleΘxz which is the muon’s angle
with respect to thez axis projected onto thexz plane (North-
down plane). Negative projections have been reflected upon
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Fig. 1. Angular distribution of muons at sea level.Θxz is the angle
of the detected muon projected onto the North-down orxz plane.
The distributions are given for different primary photon energies
and are normalized to unit area. Effects of the Earth’s magnetic
field are not included in this figure. Units of angle are in degrees.

the positive values because of symmetry in the absence of a
magnetic field. Similarly, the distributions in theyz plane
(East-down plane) are the same as those shown in Fig. 1.
Since the angle of the primary gamma with respect to thez
axis is zero, the results shown in Fig. 1 thus represent the
correlation between the direction of the detected muon and
the direction of the primary gamma ray.

All distributions in Fig. 1 are normalized to unit area to
compare shapes. The shape of the distributions for primary
energies above about 30 GeV varies rather slowly where his-
tograms at 100 GeV and 10 TeV are shown. Below 30 GeV
energy, the shape of the distributions changes significantly as
can be seen from the histograms at 3 and 10 GeV. The dis-
tributions become wider with decreasing primary energy be-
low 30 GeV. At low primary gamma ray energies, the muons
have, on average, lower energies causing larger angular de-
viations due to kinematics and scattering effects which are
larger for the lower energies.

Table 1 gives two measures of the widths of these distribu-
tions as a function of the energy of the incident primary cos-
mic gamma ray. The width parameters are: the half-width at
half-maximum-height (hwhm) and the half-width containing
68% of the muons, i.e., the same number of events that a 1σ
cut would include if the distributions had a Gaussian shape
(which lacks the long tails). Both of these parameters pro-
vide a measure of the distribution widths which minimizes
the distorting effect of a tail. Values for various cuts on the
kinetic energy of the detected muons (0, 1, 2, and 4 GeV) are
presented. The cutoff energy results for primary energies be-
low 10 GeV were omitted due to lack of statistics. Numbers
for ∆Θyz are the same as∆Θxz from symmetry. Thex andy
rectangular coordinate system was chosen to represent the re-
sults of the muon’s angular distribution as the corrections for
the additional deflection due to the Earth’s magnetic field dif-
fer in these two directions. In addition,(x, y) is a natural co-
ordinate system for GRAND. For some experiments a space

Table 1. Half-width at half-maximum-height (δΘxz(hwhm)) of the
angular distributions and angular half-width containing 68% of the
muons (δΘxz(68%)); units are degrees. Values are given for muon
energies above 0, 1, 2, and 4 GeV. The Earth’s magnetic field has
been neglected.

δΘxz(hwhm)

Eγ Eµ > 0 Eµ > 1 Eµ > 2 Eµ > 4GeV

1 31.0 − − −
3 8.20 − − −
10 3.23 2.95 2.57 1.87
30 1.87 1.73 1.59 1.35
100 1.12 1.04 0.95 0.81
300 0.92 0.85 0.77 0.66
1000 0.91 0.82 0.74 0.63
3000 0.98 0.89 0.78 0.66
10000 1.05 0.94 0.82 0.67

δΘxz(68%)

1 28.3 − − −
3 7.36 − − −
10 3.83 3.06 2.46 1.66
30 3.07 2.40 1.95 1.45
100 2.87 2.15 1.69 1.21
300 3.04 2.18 1.68 1.16
1000 3.32 2.31 1.75 1.19
3000 3.62 2.42 1.81 1.23
10000 4.05 2.57 1.89 1.27

angle is more natural. If we defineR =
√
x2 + y2, then

the space angle resolution (δΘR) can be estimated directly
from the numbers in Table 1 by multiplying these values by√

2 due to the symmetry betweenx andy in the absence of a
magnetic field.

As can be seen in this Table 1: (i) as the primary energy
decreases below 10 GeV, the width of angular distribution in-
creases dramatically, (ii) as the energy rises above 300 GeV,
there is only a small, gradual increase in the width of the an-
gular distribution, and (iii) the width of the distribution nar-
rows as the muon’s cutoff energy is raised; i.e., the angular
resolution improves by eliminating the lower energy muons
which have, on average, poorer angular resolution.

The results of the preceding calculations can be combined
to obtain the expected angular resolution for a spectrum of
primary gamma rays. Various steps in the calculation are
contained in Fig. 2. Here, a differential energy spectrum is
assumeddΦγ/dEγ ∝ E−αγ with a spectral indexα=2.41
corresponding to an average of the spectral indices reported
in the Third EGRET Catalog (Hartman et al. (1999)). Fold-
ing dΦγ/dEγ with the number of muons reaching sea level
per primary photon,Nµ/Nγ , yields the number of muons
at sea level as a function of the primary gamma ray energy,
dΦµ/dEγ , with Φµ = Nµ/Nγ × Φγ .

The flatness of the differential muon flux per gamma at sea
level (Eγ×dΦµ/dEγ) above 10 GeV signifies that the muons
originate rather uniformly from a broad range of primary
energies. Below 10 GeV, the muon flux decreases steeply
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Fig. 2. The figure shows the following quantities as a function of
the primary gamma ray energy: the energy spectrum of primary
gamma rays (dΦγ/dEγ) with a shape given by a differential spec-
tral indexα = 2.41 and arbitrary normalization, the multiplicity
of muons at sea level per primary gamma ray (Nµ/Nγ), the result
of folding the multiplicity with the primary spectrum (dΦµ/dEγ =
Nµ/Nγ × dΦγ/dEγ ; thin solid line with circles), the half-widths
at half-maximum-height for all muon energies (δΘxz(HWHM)) in
degrees, and the result of folding these widths withdΦµ/dEγ (dot-
dashed lines with diamond points). The calculated values are joined
by lines to guide the eye. Note that all differential fluxes are multi-
plied byEγ .

asNµ/Nγ rapidly approaches zero. Harder spectral indices
(α < 2.41) would enhance the muon flux from higher pri-
mary energies and, conversely, softer indices would enhance
lower energies.

Furthermore, in Fig. 2 the half-widths at half-maximum-
heightδΘxz (hwhm) (given in Table 1 in the “allEµ” col-
umn) are plotted. These widths are multiplied by the differ-
ential muon flux which is also shown in Fig. 2. As can be
seen, the larger angular widths at the lower energies (Eγ <
3 GeV) do not contribute due to the small sea level muon flux
at these energies.

The average angular resolution (i.e., average angular width)
in the North-down plane,〈δΘxz(hwhm)〉, for a differential
gamma ray spectrum with an indexα is obtained from

〈δΘxz(HWHM)〉 =

∫
δΘxz ×Nµ/Nγ × E−αγ dEγ∫

Nµ/Nγ × E−αγ dEγ
(1)

shown in Fig. 3. The resolution is∼ 1◦ up to a spectral index
of 2 and then rises for larger indices due to the importance of
wider angular widths at low energy.

2.1 Effect of the magnetic field

The magnetic field of the Earth deflects positively (nega-
tively) charged particles primarily eastward (westward) caus-
ing the angular distributions in the projected angleΘyz (i.e.,
projected onto the East-down plane) to become wider. The
size of the effect depends on the strength and direction of the

0

1

2

3

4

5

1 1.5 2 2.5 3 3.5 4

〈δ
Θ

xz
(h

w
hm

)〉

α 

Fig. 3. Average half-width at half-maximum-height for the angle
projected onto the North-down plane as a function of the spectral
index (α) of the primary spectrum in degrees. Values for the space
angle resolution (δΘR(hwhm)) would be

√
2 times larger.

field and, therefore, varies with geographic location. In ad-
dition to the previous case of no field (n.f.), three non-zero
magnetic field values were considered: (1)Bx=0.186 Gauss
at42◦N, 86◦W (GRAND), (2)Bx=0.228 G at36◦N, 106◦W
(MILAGRO), and (3)Bx=0.414 G at9◦N, 100◦E (maximum
possible); see IAGA (2000). For uniformity of comparison,
all values are for sea level. Since the variation of the field in
the atmosphere with height above sea level and with time is
only minor (about 4%), for simplicity the magnetic field for a
certain location was assumed to be constant from 0 to 80 km.
In addition, although the MILAGRO experiment is located at
2170 m above sea level, all results reported for that location
refer to sea level as this allows a direct comparison to the
results at the other locations.

The angular distributions at sea level for no magnetic field
(no field) and for three increasing values of magnetic field for
primary gamma ray energies of 10 GeV are shown in Fig. 4.
For a 10 GeV gamma, the effect of the Earth’s magnetic field
is considerable, becoming larger as the northward (x) compo-
nent of the magnetic field increases. The angular distribution
at 1 TeV is much narrower and shows correspondingly less
effect upon the magnetic field deflection.

The widths of the angular distributions in the North-down
(Θxz) and East-down planes (Θyz) containing 68% of the
muons are presented for the different locations in Table 2.
Again, the widths are given for distributions containing only
muons above certain kinetic energy thresholds (including zero
threshold). In addition, the corresponding values from the
calculations without the effect of the magnetic field are given.
The widths in the North-down plane are much less affected
than in the East-down plane which contains the dominant ef-
fect of the magnetic deflection. This effect increases with
increasing values ofBx or decreasing values of muon mo-
mentum. In addition to the widths of the muon’s sea level
angular distributions, Table 2 also shows the values at their
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Fig. 4. Muon angular distribution at sea level including the effect
of the Earth’s magnetic field for 10 GeV primary gammas. The
distributions of the muon’s angle projected onto the yz (East-down)
plane,Θyz, are shown (in degrees) for no (magnetic) field, and for
three values of increasingBx (defined in the text).

production vertex (birth, E-d.(b)). Interestingly, these values
are almost constant for the different field conditions showing
negligible magnetic deflection of the muon’s progenitors due
to their shorter path lengths and higher momenta. The effect
of the magnetic field on the angular distributions is therefore
mainly the deflection of the muon. The dominant factor in the
final width (except for the highest magnetic field value) is the
muon’s angular distribution at its production (birth) point.

2.2 The effect of pressure and temperature variations

Air pressure and temperature changes cause a variation in the
density profile of the atmosphere and thus affect the muon
flux at sea level. A pressure increase was studied by in-
creasing the air density in each layer by 3% while all other
variables were kept constant and a temperature increase was
studied by increasing the height of each slab boundary by
5% and decreasing the density by 5% thus keeping the total
thickness of air constant. The mean temperature of a column
of air 80 km high has a poor correlation with surface tem-
perature; thus the temperature effect calculated here would
require an averaged temperature over this column. These re-
sults allow corrections for the muon flux due to small vari-
ations in the air pressure and temperature. To summarize
these results: a +1% increase in absolute air pressure causes
a -1.3±0.2% change in muon rate at 10 GeV (-1.1±0.2% at
1 TeV); a +1% increase in absolute (Kelvin) temperature av-
eraged from 0 to 80 km changes the muon rate by -1.1±0.1%
at 10 GeV (-0.7±0.1% at 1 TeV).

Conclusions

Air showers caused by cosmic gamma rays with energies
below 10 TeV were simulated using the Monte Carlo code
FLUKA. The precise calculation of the angular correlations
calculated in this paper provides experiments which study the
angular location of primary gamma ray sources by measur-

Table 2. The half-widths of the muon’s sea level angular distribu-
tions which contain 68% of the muons in degrees. Results are pre-
sented for: (n.f.) no magnetic field (previous calculation) followed
by increasing valuesBx [(1), (2), and (3)]. For each location the
half-widths are given for the projected angles onto the East-down
(labeled “E-d.”) planes for primary gamma ray energies of 10 and
1000 GeV. Widths are listed for muon kinetic energies above 0, 1,
2, and 4 GeV. The second column underEµ > 0 gives the widths
in the East-down plane of the muons at birth (labeled “b”).

Eγ Eµ >0 Eµ >1 Eµ >2 Eµ >4

E-d. E-d(b) E-d. E-d. E-d.

n.f. 10 3.84 3.41 3.06 2.45 1.64
1000 3.32 3.03 2.30 1.74 1.19

(1) 10 4.41 3.38 3.53 2.88 2.03
1000 3.48 3.00 2.42 1.84 1.26

(2) 10 4.73 3.40 3.83 3.15 2.25
1000 3.61 3.02 2.52 1.91 1.30

(3) 10 6.44 3.38 5.28 4.44 3.34
1000 4.19 3.02 2.93 2.24 1.56

ing muon angles with information on the angular resolution
which is difficult to obtain experimentally.
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