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Spatial and energy distribution of muons in y-induced air showers
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TheFLuKA Monte Carlo program is used to calculate the effects of hadroproduction by primary gamma rays
incident upon the Earth’s atmosphere; for the results presented in this paper, only primary angles at 0° from
zenith are considered. ThrUKA code is believed to be quite accurate in reproducing experimental photon
hadroproduction data in the 1 GeV to 10 TeV energy range studied. The charged pions which are so produced
can decay to muons with sufficient energy to reach ground level. The number of these muons and their radial
and energy distribution are studied for incident gamma ray energies from 1 GeV to 10 TeV. The number of
these muons is not negligible; they can, in certain circumstances, be used to study potential sources of gamma
rays such as gamma ray bursts. It is found, for example, that a 10 TeV incident primary gamma ray produces,
on average, 3.4 muons which reach ground level; the gamma ray energy which produces the maximum number
of muons at ground level depends on the spectral index of the primary gamma spectrum, a constant which
describes how the primary gamma flux rises with decreasing primary energy. For example, for a differential
spectral index of 2.7, there is a broad maximum number of muons coming=#8mMGeV primary gamma ray
energy.
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[. INTRODUCTION for gamma primaries must subtract a large background due
to the more numerous cosmic protons and nuclei. Various
Primary cosmic rays consist mainly of an isotropic flux of methods have been developed to discriminate between the
charged particles(primarily protons and nuclgi Before two types of shower§l,2,4,5. One of the most commonly
reaching the Earth, galactic magnetic fields deflect theiused techniques is based on their different muon cofégnt
paths so information about the angular position of their Muons are created in the atmosphere mainly as decay
source is lost. On the contrary, neutral particles such as ganproducts of charged mesons, which are abundant in hadronic
mas and neutrino@eutrons decay before reaching the Earth cascades. Pions and kaons can also be produced in the
can be directly used to locate the angular position of theinuclear interactions of high energy primary gamma rays
origin. Therefore gamma astronomy is important in the studywhich then initiate secondary hadron showers. The photon
of well-localized exotic astrophysical objects. For example cross section for hadronic interactions is about two orders of
recent reviews are given iri,2]. magnitude smaller than that for producing electron pairs.
Cosmic gamma rays can be detected directly only by satfhis low hadronic cross section for gamma rays has been
ellite or balloon experiments located essentially outside theised as a signature for showers initiated by hadrons.
Earth’s atmosphere. The detector size and weight set limits However, muons are present in gamma showers too, al-
on the sensitivity and energy range which these experimentseit in smaller numbers than in a hadronically initiated
can cover which, at present, extends to several tens of Ge\shower of the same primary energy. The first estimates con-
Higher energies are better investigated by means of thérmed the “muon-poor” characteristics of gamma showers
ground-based experiments which sample the numerous s€l,8]. However, in 1983, Samorski and Stanjf reported
ondary particles produced by the high energy primary phothe results of an extensive air shower experiment at Kiel,
tons when they interact in the atmosphere. claiming an excess of events with energies above 2000 TeV
Photons constitute only a small fraction of primary cos-centered at the angular location of Cygnus X-3. They also
mic rays. Hadronic showers at the ground level are veryeported a non-deficiency of muons in these data, seemingly
similar to electromagnetic showers because, at each genetiaconsistent with a primary gamma ray hypothesis. In order
tion of hadronic pion production, about one-third of theto evaluate and discuss these data, many authors performed
pions arer® which immediately decay to gamma rays which analytical or Monte Carlo calculations of the muon flux pro-
then initiate electromagnetic sub-showers. By the time theluced in gamma showefd0-21]. Most of these calcula-
hadronically initiated shower reaches ground level it is estions were one dimensional and all of them referred to
sentially all electromagnetic because of the many generggamma energies much larger than 10 TeV, appropriate to the
tions, each feeding one-third of their energy into the electroKiel experiment. The energy realm of these calculations was
magnetic sector. Therefore, gamma showers at the grourmbnsiderably larger than the 1 GeV to 10 TeV region consid-
level are qualitatively similar to those produced by protonsered in this paper. Therefore, their stress was mostly on
and nucle{ 3], and experiments based on Earth which searclsources of muons at very high energiBgethe-Heitleru-pair
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production, decay of charmed partigewith less emphases
on muon decay, energy loss, and radial distribution which
become important in the energy range considered in this pa
per.

More recently, the same calculation techniques have beel
refined and used to optimize current experiments. In addition
to an improvement of the adopted cross secti@3, muon
energy loss and decay have been add&3j24], in order to
better estimate the sensitivity of modern experiments having
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a lower muon energy threshold. Several experiments, - o
GRAND [25] and Milagro[26] for example, have the capa- °
bility of measuring the angles of muons at the ground level
with high statistics. With the advantage of large numbers of
muons, it becomes possible for these experiments to stud
point sources of gamma rays by studying accumulations ot
muons at specific angular positiofz7—30. The ability of FIG. 1. The Feynman- distribution of charged piongin the
these experiments to detect a localized source of gamma rayboratory framgfor 100 GeV gamma ray primaries compared with
by detecting the secondary muons depends upon several fagmoton primaries of the same energy as contained inrthaa
tors such aga) the strength, location, duration, and energyMonte Carlo generator for the primary interaction in air.
spectrum of the sourcéb) the angular resolution, detection

area and duration of the experiment; &gl the number of In FLUKA, different physical models, or event generators,

muons which reach detection level for the relevant region of, responsible for the various aspearticle type, multi-

primary gamma ray energies due to the physics of the a'f)licity, energy and ang)eof particle production at different

blanket covering the surface of the Earth. A precise CaICUIaéner ies. These theoretical models have been directly tested
tion of (c) in the 1 GeV to 10 TeV primary gamma ray gles. y

energy region is the subject of this paper. ra:gamstI a I?Jrge gmgunt Iof nt:p(}lleardegperlmenta! data, g?]d
A reliable study of muon production by primary gamma Nave aiso been indirectly validated by comparisons wit

rays is necessary in these cases to gauge the sensitivity of t§BOWer measurements, obtained both at accelerigtdrs4 ]
experiments to gamma primaries and to provide informatiorf"d In cosmic ray experimentst1,48,49. In particular,
about the expected energy and spatial distribution of muongLUKA has been shown to predict hadron-generated muon
Since the threshold energy for detecting the muons has be&®ectra at different heights in the atmosphere with good ac-
reduced in these experiments, lower muon energies arfHracy[50].
lower primary gamma ray energies than previously investi- For the present calculations, the following models are rel-
gated are studied in this paper. Although the total number ogvant(more details can be found [45]):
muons per gamma ray at ground level decreases with lower (i) Hadronic interactions above 4 GeV are simulated ac-
gamma energies, electromagnetic showers produced by phoerding to the dual parton modgbl]. A list of improve-
tons with lower energies can produce more ground-levements to the original Monte Carlo version of the model by
muons in total due to the steep increase of gamma flux aRanft and Rittef52] can be found if32].
lower energies(a spectrumdN/dE=E"7, with y=2.4 (i) A cascade pre-equilibrium model is used for hadronic
*+0.4 [31]) (assuming the primary gamma energy is wellinteractions below 3 GeV. The model includes pion and kaon
above photopion production threshpldherefore, the new production. Between 3 and 4 GeV, inelastic hadron colli-
calculations presented here include the primary gamma ragions are treated according to a resonance-decay model.
energy range of 1 GeWE,<10 TeV and secondary  (iii) The vector meson dominance model is used for pho-
muon or electron energies above 3 MeV. For the results preonuclear interactions at energies larger than 4 GeV. The
sented in this paper, only primary angles at 0° from zenithotal cross section is based on experimental photon-proton
are considered. and photon-neutron cross sections up to and including
HERA energies and scaled to photon-nucleus interaction ac-
cording to Baueret al. [53]. Shadowing corrections are
based on experimental data. The interaction of vector mesons
with the nucleus is handled by the dual parton model.

(iv) Delta resonance excitatigiin the framework of the

FLUKA, unlike most Monte Carlo codes used in cosmicpre-equilibrium modelis used for photonuclear interactions
ray researct{34-40Q, is not specialized for this particular below 4 GeV.
field, but is a multipurpose particle transport program with  To illustrate the critical role played by event generators in
applications as diverse as proton and electron acceleratpredicting the muon content of showers, the Feynmais-
shielding, calorimetry, medical physics, beam design, highribution of charged pionén the laboratory frameas calcu-
and low energy dosimetry, isotope production, ¢82,33. lated byFLUKA is reported in Fig. 1 for both gammas and
Recently, however, it also has been used successfully iprotons at 100 GeV. This figure emphasizes a basic differ-
space and cosmic ray studigkl—43. ence between gamma- and proton-induced showers: the
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gamma primaries have a larger fraction of higlsecondar- L e R IR B
ies than the proton primaries.

If we disregard the lower total cross section for gamma 10° = 5600 —
rays to produce mesolitabout a factor of 10Q0then gammas | 1000 M
appear to be more efficient at producing energetic, forward; 300 m
directed pions, and therefore penetrating muons. The gamm& 102 — 100
primaries give rise to higher energy secondary megons §
averaggand will thus retain a greater fraction of the primary &
energy in the numerous subsequent hadronic interactions foz ~ 107* =
those which do not decay. Although these differences seeng
rather substantive, the actual differences which can be obg
served near sea level may be minor. At any rate, in this pape=
we only investigate the gamma primaries and leave the com IS S ‘50'00' - '10(‘)00' - ‘15(‘)00‘ - éogod
parison with hadronic primaries for future consideration. Height (m)

The simulation of the electromagnetic cascade&LlukA
is very accurate, including the Landau-Pomeranchuk-Migdal FIG. 3. Average number of secondary muons per incident
effect and a special treatment of the “tip” of the bremsstrah-9amma ray within a 10 km radius at different heights above sea
lung spectrum. Electron pairs and bremsstrahlung artvel
sampled from the proper double differential energy-angular
distributions, improving the common practice of using aver-
age ang|es_ In a similar way, the three-dimensional Shape of Statistical techniques for accelerating convergence of the
the hadronic cascades is reproduced in detail by a rigorou§sults have been used in a few cosmic ray codes, for ex-

sampling of correlated energy and angles in decay, scatteRMPIEMOCCA[39]. In FLUKA, as in most Monte Carlo codes
ing, and multiple Coulomb scattering. used to solve deep penetration shielding problems, several

so-called “biasing” options are available which allow sam-

ncident y

o

B. Variance reduction techniques

Bethe-Heitler muon pair production is presently being>: X - .
implemented inFLUKA [54,55, but was not yet available at pling of events having a very small propablllty. Rigorous
the time of the present calculations; however, there is gener%img;ss ?ch E[EZ gg?r\éit[g\?ar;ﬁ: g;rzebs:?Su%%t?én:degéﬁgzzebfgg
agreement that this effect is important only for gamma ener d P

. : [57,58. It is important to remember, however, that their use
gies greater than several TeV and for muon energies large

€ restricted to the estimation of expectation values and is not
than 1 TeV[10,14,16,18,2P Therefore the results presented ?ppropriate when studying correlations and fluctuations.

here should not be affected, with the possible exception of ™, yhig study, the use of variance reduction techniques has
the highest energy point. Charm photoproduction, anothepqeq essential. It is important to realize that the goal was
possible source of muons, is also not availablerioKA.  not 1o obtain the same results using less computer time, but
According to Berezinskiet al. [56] the corresponding cross g include in the study phase space regions which would
section at any energy does not exceed a few percent of othgtherwise not be accessible to Monte Carlo techniques. Be-
muon producing effects. Each of these effects, if includedecguse of the very large number of primary photons, some
would slightly increase the number of muons at the groundnteractions, although extremely rare, may generate events

level above the numbers obtained in this paper. having a finite probability to be detected in an experiment.
_ 2
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FIG. 2. Number of muons and electrons at 222 m above sea FIG. 4. Number of muons per incident photon within the stated
level as a function of incident primary gamma ray energy. Theradial distance. Nine incident primary gamma ray energies are
lower points are for secondary muons within a 50 m radius. shown.
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TABLE I. Number of secondary muons and electrons per primary gamma ray within a 10 km radius at
222 and 0 m above sea lev@.s.l).

y energy Electrons Muons

(GeV) 222 m a.s.l. Sea level 222 m a.s.l. Sea level
10 158+7 121+6 3.46:0.05 3.31%0.05
3000 30:3 23+3 0.840+0.004 0.8070.004
1000 4.8:0.7 3.70.6 0.2312-0.0014 0.223€:0.0014
300 0.51-0.06 0.41-0.05 (5.55-0.08)x 1072 (5.37+0.08)x 102
100 (8.79:0.06)x10°2 (5.84+0.04)x10 2 (1.470+0.008)x10 2 (1.424+0.008)x 10 2

30 (1.06-0.16)x10°2  (8.8+1.4)x10° 3 (3.25+0.07)x 103 (3.15-0.07)x 1073

10 (1.4-0.3)x10° 2 (1.0+0.5)x 103 (5.66+0.11)x 104 (5.45+0.10)x 104
3 (8.7+3.0)x10°° (3.8+1.6)x10°° (5.42+0.09)x 10 © (4.32+0.09)x 10 6
1 (1.15-0.19)x10°° (6.9+1.4)x10 10

Below some level of probabilityper primary photonthe tistics in the ranges of intergst

computing time required to collect a sufficient number of  Importance splittingThe loss of statistics due to decrease

such events by an unbiased simulation would become praof particle number with depth in the atmosphere is compen-

hibitive. sated by replacing a Monte Carlo particle with additional
In the present calculations, the following biasing optionsidentical particles of lower statistical weight when the par-

have been used: o ticle crosses a boundary between two regions of different
Leading particle biasingAt each electromagnetic inter- pre-defined statistical importance.

action with two particles in the final statbremsstrahlung,
pair production, et¢.only one of the two particles is fol-
lowed, with a probability proportional to its energy. Its sta-
tistical weight is modified so as to conserve total weight. The 1999 version ofFLUKA was used to calculate the
This technique, first introduced by Van Ginnekgs®], is  muon flux and kinetic energy spectrum at various altitudes.
very similar—but not identical—to the so-called “thinning At sea level and at 222 nithe GRAND altitud¢, muon
algorithm” of Hillas [39]. tracks were scored in 10 concentric rings of radii ranging
Biasing of the mean free patRor interactions having a from 10 m to 10 km. Photons of energy between 1 GeV and
very small cross sectiofin our case photonuclear interac- 10 TeV were assumed to enter the atmosphere vertically at
tions) the cross section is artificially increased by an arbitrary80 km and the full generated electromagnetic and hadronic
factor chosen by the usdranging from 10 to 50 in this showers were followed down to pion production threshold
calculation. The weight of the produced secondaries is re-energy. The mean free path for photonuclear interaction was
duced so as to conserve probabilities. artificially shortened to enhance the sampling frequency by a
Forced decay.A similar technique is used to enhance factor of 10-50. As stressed above, the mathematical treat-
muon production by artificially decreasing the average decaynent used ensures that all results are unaffected, while the
length of charged mesons. Also in this case, since theariances of the average scored quantifthse to the statis-
weights of both the parent meson and of the produced muotical nature of the Monte Carlo techniquare reduced to
are adjusted by the ratio between the actual and the artificialcceptable levels.
probability, all the resulting space, energy and angular dis- Some approximations were adopted which are expected to
tributions are correctly reproducébut with much better sta- have a negligible effect on the results. The atmosphere’s ge-

Ill. CALCULATIONS

TABLE Il. Number of secondary muons per incident gamma ray within a 10 km radius at different heights above sea level.

y energy Muons
(GeV) 5000 m 4000 m 3000 m 2000 m 1000 m
10* 9.59+0.08 8.13-0.07 6.56-0.07 5.16-0.06 4.09-0.05
3000 2.42@-0.007 1.9660.007 1.547%0.007 1.218 0.006 0.97& 0.005
1000 0.66610.0019 0.525 0.002 0.41050.0017 0.3250.002 0.2659-0.0016
300 0.1505:0.0014 0.117%0.0012 (9.290.11)x 102 (7.54+0.10)x 102 (6.28+0.09)x 1072
100 (3.727-0.017)x1072  (2.919-0.015)x1072  (2.349-0.011)x10°2 (1.939+0.010)x10°2  (1.647+0.008)x 10 2
30 (7.75-0.17)x 103 (6.16+0.13)x 103 (5.03-0.10)x 103 (4.25-0.08)x 1073 (3.65+0.08)x 103
10 (1.46-0.03)x 103 (1.16+0.02)x 103 (9.4+0.2)x 10 * (7.71x0.15)x 10" 4 (6.43+0.13)x 10 *
3 (1.076£0.010)x 10 % (6.86+0.08)x 10 ° (4.15+0.05)x 10°° (2.31+0.04)x 105 (1.102+0.019)x 10 °
1 (1.26-0.15)x 10 ¢ (2.2+0.3)x10° 7 (7£3)x10°8 (5.6+0.6)x10°° (2.8+0.4)x10°°
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function of radius. For photon energies300 GeV, the circle
containing half of all the muons reaching sea level has a
i radius<700 m, increasing te= 1600 m for photon energies

i <3 GeV.

— A representative example of the numerous spectra which
] have been calculated is shown in Fig. 5 which shows nine
different primary photon energies from 1 GeV to 10 TeV and
107 3:10° 1y gives the muon energy spectra at 222 m above sea level for
those muons at distances10 km (essentially all of them

For a given primary gamma ray energy the points and their
error bars are highly correlated due to the summations in-
volved in getting the integrals presented.
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10718 ' Gelv | | | L] To estimate the total number of muons reaching detection
-1 100 10l 102 108 1ot level, the calculated data should be folded with the incident
Muon energy, F, (GeV) primary photon spectrum. Assuming a differential energy de-
FIG. 5. Integral spectra of muon kinetic energy at radial dis-pendence o~ 24! [31], it is found that the largest number
tances<10 km from the shower center, at 222 m a.s.l. of muons comes from primary energies of 27 GeV. If the

spectrum were softefspectral index,y=2.77), the corre-

ometry was assumed flat and was subdivided into 50 layersponding primary energy would drop to 12 GeV; if the spec-
for the muon calculation, each of constant density, in ordetrum were harder = 2.05), the muon number would con-
to approximate the exponential character of the Earth’s aitinue to increase as the primary energy increases and would
density. Doubling the number of layers from the 25 used in adepend on where the spectrum softens or cuts off.
previous series of calculations did not show any significant
difference. The Earth’s magnetic field was ignored. V. CONCLUSIONS

For comparison purposes, a similar set of calculations was

made t timate the electron flux at th m itions. A These reported results are from the Monte Carlo program
ade 1o estimate the electron Tiux at the same positions. uLUKA which contains event generators built on the accurate
conditions were identical to the muon calculation except the

shower energy cutoff was lowered from 150 to 3 MeV to experimental data available in the energy region of interest.

. . Th f biasing techni nabled th Iculation of
accommodate the lower energies of interest for the electron e use of biasing techniques enabled the calculation o

L . Bvents originated by low energy primaries with muon prob-
and thf atmos;?’h(.are was SUbd'\{'dEd into only .25 'a_V‘?fS- ThSbilities as low as=10"° per incident gamma ray, which are
word “electron” in this paper is used generically; in all

cases it meane* +e~: as well, “muon” meansy* + u- important sin_ce the primary cosmic_ ray flux rises rapidly
’ ' ' with decreasing primary energy. ThigUKA-based Monte

Carlo calculation is believed to be quite accurate in this en-

IV. RESULTS ergy region. As such, the results give a good estimate of the

Figure 2 shows how the average total number of muoné“meer of muons expected from gamma ray primaries in this
and electrons grows with increasing photon energy. A sum&Nergy region and help overcome the stigma that muons are

mary of calculated data is reported in Table I. The entries argnly antl_commde_nce 3'9”?"3 for gamma ray primaries. In-
for gamma ray primaries vertically incident at the top of theStead’ with the high statistics of the experimental results that

Earth’s atmosphere. All error bars in the figures and table&'® becom.mg avallaplg n th|§ 1”GeV fo 10 TeVv primary
refer to the statistics of the Monte Carlo calculation. energy region, a statistically significant excess accumulation

Figure 3 shows how the total number of muons dependgf muons at a specific angular direction becomes a positive

upon height above sea level for nine gamma ray primar ignature for gamma ray initiated hadronic s_howers and is
energies and elevations from 0 to 20 km. The correspondin usa tool to fill the energy gap between satellite an_d balloon
numerical data are contained in Table Il for heights from 1 xperiments and Cerenkov arrays. Examples of this use are
km to 5 km. One could interpolate among the values in Tabl&om"’“ned in Refs30,60.

Il to estimate the expected number of muons per gamma
primary for ground-based detectors at intermediate heights.
As expected, the most probable height for each primary en- Thanks to S. Roesler, M. Dunford, and T. Bowen for their
ergy gradually shifts toward lower heights as the primaryhelp with this paper. Part of this work was supported by the
energy increases. Department of Energy under contract DE-AC03-76SF00515.

The dependence on radial distance is shown in Fig. 4. ThEeroject GRAND is funded through grants from the Univer-

total number of muons within a given radius is plotted as asity of Notre Dame and private donations.
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