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Estimation of the muon energy spectrum emitted by high energyy rays from the Crab nebula
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The vertical integral spectrum of TeV muons produced by the UpEys incident on Earth from the
direction of the Crab nebula is calculated. The analytical estimate of the muon spectrum is made using the
standard cascade equation for muons and the latest photopion production cross section obtained from the fit to
the DESYep collider experiment. The derived integral muon energy spectrum generated by the photoproduced
pions is compared with the estimated muon energy spectra from the direct production of muon pairs and
photoproduced pions of charmed particle decay. The present analytical estimates have been compared with the
earlier simulation estimate of Halzen and co-workers along with the analytical results of Drees and co-workers.
The present results show a little bit flatter muon energy spectrum when compared to the earlier simulation
result. The muon energy spectrum has also been estimated from photopions using the simulation formulation
of Halzen and Stanev with latest parametrization and has been found fairly comparable with the present result.
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[. INTRODUCTION short bursts of high-energy muons initiated by muon neutri-
nos. The shallower detectors of Antarctic Muon and Neu-
Investigation ofy-ray bursts GRBS is of great interest in  trino Detector Array(AMANDA ) [10] and BAIKAL [11]
particle astronomy for searching the emission of neutrinogan detect muons originating from extensive air showers
[1-3] from the source ofy rays. Halzen and Jaczkd] have  (EASS initiated by TeV'y rays. _ _
recently considered ultrarelativistic fire bal] and cosmic The investigation on the point source of the cosmic rays is
strings[6] to interpret the experimental results. Gamma ray<°f astrophysical importance for muon content estimation in
and neutrinos are produced in beam dumps during interac-ray-induced air showers. Usually, in hadron showers the
tions of high-energy accelerated protons with stellar targetsgenerated pions are the source of muons thromghuv de-
In such reactionsy rays and neutrinos are generated simul-cays. The photon-induced electromagnetic showers are
taneously through the decay of neutral and charged pion§lominated by pair production and bremsstrahlung processes
respectively. The discovery of the cosmic microwave backand generate a muon component via processes relative to the
ground also reveals the fact that the Universe would not b@air production cross section of the value around 500 mb in
transparent toy rays above about 100 TeV due to photon- air. The photopion production processes followed by the de-
photon pair production. Underground muon detectors are deiy of charged pions are responsible for muon production in
signed in a fashion so that they can measure the arrival diphoton-induced showers. Earlier, Halzenal. [12] made a
rection of downgoing muons originating fromray-induced detailed Monte Carlo simulation study of the muon content
electromagnetic showers in the Earth's atmosphere. Usuallf air showers in the range 1-10eV. Later, Dreest al.
the y-ray showers are muon poor, and so a sufficient statist13] investigated analytically the relative abundance of
tics of muon events are required in a GeV or TeV muonmuons in photon and proton-induced air cascades. The con-
telescope to confirm the arrival direction of the incident Ventional calculationg14,15 of TeV muons produced by
rays from the astronomical source. Barwiekal. [7] have  Y-fay showers are governed by accelerator data on pion pho-
pointed out that TeV muons arising from such sources comtoproduction cross sections. The slow logarithmic energy de-
pete with a background of downgoing cosmic-ray muongPendence of the photopion production was accounted for in
provided that they can be recorded by a telescope with the simulation calculations. The simulations do not explain
sufficient effective area having precise angular resolutionthe physics of the interactions as it is dominated by the QCD
The GRBs may also originate in the halo population of neu/nodel. Drees and Halz¢a6] pointed out that a highey-ray
tron stars. The theoretical search on neutrino emission ddbreshold can result in large photoproduction cross sections
pends on the reduced luminosity since it is compensated b§nd the photon develops a significant gluon structure func-
large redshift sources by a reduced distance of the sourc8On.
The search of GRBs provides the concept of dark matter and About 15 different high-energy-ray experiments were
requires a kilometer-size muon telescope for the identificasummarized inf12] on the emission of very-high-energy
tion of the sources of terrestrial rays and neutrinos. This rays from the same direction and with the similar character-
also helps in the investigation of dark matter for the explo-istics time structure of binary system in Cygnus X3. The
ration of the active galactic nuclei. It is evident that the Deepy-fay spectrum has been found to follow the approximate
Underground Muon and Neutrino Detect®@UMAND) [8]  form
and NESTOR/9] detectors are suitable for the selection of N,(>E)=4X10" WE/L TeV] 2 (cmPsed?,
whereE is the y-ray energy in TeV and the spectrum has a
*Electronic address: ytpdpb@iacs.ernet.in cutoff value at the high-energy end for the emission of the
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spectrum at aroun&=10 TeV. This spectrum of gamma 1 1) . 1dx w(E/x,t) 1 do
rays has been considered 2,13 for the photoproduced E:(_ N d—)ﬂ'r‘ - —
muon flux calculations. Recently, a search has been made on oo
the upper limit of they-ray flux using scintillators at Canary 1dx y(E/x,t) 1 do
Island La Palama by Merckt al. [17] for the detection of o T e ax YT ©)
ultra high energy(UHE) vy rays from the direction of the 0 N N

Crab nebula. The latest precise investigations of hray

e — v
o X )\ﬂ. O N dx

The first term of the above expression considers the loss of
flux from the Crab by THEMISTOCLE groupl8] have . interactions and decay. The second term is taking into

poi_nted out that their earlier resul.ts on Cradray flux WaS  account the regeneration af by  with E'=E/x energy.
not_|ceably decrease_zd due to a s_;h'ft in the energy Wh'(_:h Wa¥he third term indicates the production of by photopro-
calibrated on cosmic ray flux without a good accounting ofy,ction in N — =X reactions with cross sectian,y . One
the. heavy r_1uc|e| and an insufficient modeling _of their |r_1ter—can neglect pion decay term since, for TeV pions with
action. Their correcteg-ray flux reduces appreciably, which E>s_\_/t cos, the pion decay is negligible as a result of

reveals the fact that the integral spectrum has an energy Spegs small contribution and Feynman scaling can be assumed
tral index of value—(1.4+0.2) for energies up to 15 TeV. ¢ . inclusive cross sections and o One can

We have used the~ray spectrum based on the observed ;
results[17—29 for the derivation of the integral spectrum of safely consider
muons in the energy range 1-8 TeV initiated yay inter- m(E,t)=To(E)my(t), (4)
actions in air by following the conventional analytic method

the cascade equation after Drestsal. [13] through photo- and the simplified form follows after Dreeg al. [13]:

pion production. The muon fluxes from direaf’ u~ pairs

and that from the decay of charmed mesons initiategiNh @: _ i ot ﬁ (5)
interactions in EAS have been estimated by adopting the dt A, ? AN
analytical procedure of Berezinslet al. [26]. The present

results have been compared with the earlier Monte Carld/here
simulation results of Halzeet al.[12] where the input-ray

+ +
y—T= T—T"

spectrum of Cygnus X3 was considered along with the ana- A= Ao ,
lytic results of Dreet al. [13]. T 1-Z4,
We have also adopted the latest methodology of Halzen
and Staney27], which is based on their Monte Carlo simu- 7 :i fldx N d_" P
lation results with a new parametrization to estimate the ™ oun Jo dx ’
spectrum of muons initiated by photopions emitted from the
Crab[17—25 and has been compared with the analyticaland
muon flux estimate from photopions, direct muons, and 1 1 do
charm meson decays. Z,=— | dx X"t — y—m*,
O-'yN 0 dX
Il. NUCLEAR PHYSICS AND KINEMATICS where\. is the photointeraction length associated with
A. Analytical procedure photoproduction and\ . (>\,) is the absorption length of

. . pions in air. The solution comes out to be of the form
We outline the standard procedure for calculating the

muon flux produced in the atmosphere from an incident -

y-ray spectrum from a source following the work of Drees M=y Adl-exp(—t/AL)]. (6)

et al. [13]. The primary photon spectrum at the top of the W

atmosphere after Rosf28] follows a power law fit of the  For TeV muons the limiting solution for the muon flux esti-

form mation after Dreegt al. [13] follows the form
dNvy dNu A L
—— (E,t=0)=aE™". 1 — = -7 Y
aE ¢ ) @ de 1B XL vm TR (L, HL)(E cowis ) )

The photon spectrum inside the atmosphere is independeithere
of depth and follows the form (1=r2)t,ay 1-r3
dNy ST A, M, el AD)
—— (E)=y(E,1)=05aE ""V=T(Ey). (2 _ _ _
dE rw=mi/mi is the square of the ratio of muon to pion
massesg,=m_c?H/(c,) represents the critical energy of
The atmospheric cascade is generating pions by the photthe pion decay for the scale height of the isothermal atmo-
pion production process in the collision of pions with the sphereH =6.7 km, the pion lifetime in aifr,=2.603x10°
atmosphere. The linear cascade equation for pion fluxes aftesec,m,=0.139 568 GeV, and,=0.105 68 GeV.

Rossi[28] and that modified to a generalized form by Halzen  Following the analytic procedure based on QED calcula-

et al. [12] obey the relation tions developed by Berezinslet al. [26], the generation of
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muons byy rays through the direct production of muon pairs 16'°
in the Coulomb field of nuclei of charg& in reactions L
y+Z—Z+ut+u~ has been calculated. This process <« L \<|-
dominates at high energy since nonprompt mesons have a;:"’ 16" \\ a
small probability of decay on the interaction length in the § - M S
atmosphere. We used the conventional relation ff@6] to R
calculate the muon flux from direct pair production emitted E 107 ?
from y-ray flux J, (>E), which follows: S i 7L I
F,U.+/.L_ i 19 1613 — _1_ I
p  (CE)=](>E)NalXrag/ Alon(E)[0.5720 y—1)], -l I
® B 14
where o, (E) is photopion production cross sectidd, is 10 04 ) ' 1' ' ' 1'0 ! : 100
Avogadro’s numberx,,q is the radiation length in air, and Gamma Ray Energy(TeV)

is the y-ray spectral index.

The'muon §pectrum from-ray-emitted charmed 'meson FIG. 1. Observed and extrapolated spectrumy ofys from the
de_cay in re_actlons_ such a&l—A_—>D +_X has_ been es_tlm.'?lteq_ Crab Nebula and othey-ray flux limits surveyed by Themistocle
using the kinematical expression with their symbolic signifi- 5rqyp [18]: Experimental data(C]) HEGRA and (®) HEGRA
cance from26] and the usual relation follows: SCINT [17], (+) THEMISTOCLE [18], ? TIBET [19], I

F(>E)=],(>E)1.148,Np0 n(E)[ Xraa/ Al AEROBIC [20], * CANGARO [21], (W) CRIMEA [22],

(+) ASGAT[23], (¢) WHIPPLE[24], and® CYGNUS[25]. The

1
X[vlI(y—1 f dy y7 1’
[Y(y=1)] 0 Yy ) solid line is the power law after relatiofi?2).

« jldexy % 9) E, min=[10E/cosd] at # zenith angle of the observed muon
0 P dxp’ with respect to the source direction to the maximum energy
of the sourceE, . generating the observed muons. The
where y=E, /Ep, Xp=Ep/E,, E,=E,/xpy, and term f represents a correction factér=[E coss/0.04]>%
fi(y)=1-2y+2y*~y*. The highest energies of photons at the source are responsible
for the generation of TeV muon fluxes.
B. Simulation procedure

The majority of GeV or TeV gamma rays from different lll. RESULTS AND DISCUSSION

—(y+1 i
sources follow a power law-E energy spectrum with The Crab nebula and the AGN MRK 421 have been ob-

y=1[12]. Recenty-ray investigationd17-29 exhibit that . served to emit high-energy gamma rays up to 15 TeV energy

the CRAB emitted a photon spectrum available for a MaX"3nd can be detected from the northern hemisphere. Recent

mum energy of 1000 TeV. The number of photons from the _ - : o
point source may be estimated from the flueficgby the collaboratorg 17—29 have investigateg-ray emission from

point sources with the help of an array of scintillators in

relation various locations. Figure 1 shows the measured fluxes from
dN the Crab nebula for energies up to 60 TeV together with
3E y=F E"""Px107*2 cm?sec?, (100  upper limits obtained from different experimerts7—25,

and the observed and extrapolatgday spectrum from the

: : : : Crab has been found to follow a power law fit of the form, in
here the integralvy-ra ectral index andt is the '
where y 1S In.egraly-ray spectral Index 1S gpe spectral range 0.2-60 TeV,

photon energy in TeV. The atmospheric cascades initiated b
yrays in due course, creating electrons, photons, and photo- _ 14 . 1
produced pions from shower photons, which in turn decay to N,(>E)=1.07<10""& particles (cn seq '(12)
muons. Halzen and Stang®7] have formulated the integral

spectrum of muons, Wh'ph IS parametnz_ed In a manner thappe differential y-ray spectrum in the atmosphere has been
reproduces explicitly their Monte Carlo simulation results Ofestimated using Eq12) and follows the form:

muon flux initiated byy rays: '

_ (Ermer 107 7%[2.14¢10 °][E coss INY £,t=0)=7.49 107324 per (crr? sec TeV.
N,(>E)= Y BT = =—|dE dE
Ey min (13)
=2x10"1 Fy [E/cosg] 7+ Using the FNAL data for meson production 4rp collisions
cosy after Brenneret al.[29] and by adoptingy=1.4, theZ fac-
XIN[E., max/Ey minlf, (11) tors for mp— 7~ X reactions have been calculated and duly

corrected forp-air collisions and EMC effects by using the

whereE is the vertical muon threshold energy of the detec-procedure of Minorikawa and MitsU30]. The results are
tor. The photon ranges with the minimum energyfound to be 0.131 27 and 0.065 44 fzsgﬁﬁ and Z;ﬁw,,
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TABLE I. Calculated values ofy,, L, H,, and the estimated differential intensity of photopion decay

muons in the range 1-8 TeV.

Muon energy

Differential muon flux

E, (TeV) trmax L, H, per (cn? sec TeVf
1 209.82 1.0950 0.8557 2.¥a0
2 183.48 0.9702 0.7700 2.820°
3 168.07 0.8887 0.7140 5.640 *°
4 157.14 0.8309 0.6711 2.8a0
5 148.66 0.7861 0.6356 8.810 '
6 141.73 0.7495 0.6051 4580 Y
7 135.87 0.7185 0.5782 2590
8 130.80 0.6917 0.5539 1580 Y
respectively. From the survey of Boriomt al. [31] on the
ultrahigh-energy y-ray energy spectrum from the Crab
Nebula, one can safely assume the maximum cutoff energy _‘.‘
of the gamma rays at a valug,,,=10° TeV. The pion at- i
tenuation lengthA,, has been calculated and found to be 1671 ‘.\
149.4 gcm? By adopting the procedure of Dree al. \
[13], t,a has been calculated by assumiig,=10° TeV, B
(X),_.»+=0.25 and using the form
tma= NRIN(Emaf X) 5 = /E)=38 I 250E TeV] gcm 2 <14 Ay
(14) A SN
- .\‘\
the corresponding simplified forms of the, andH , follow ‘\-\
the forms N
- - N (§—RK)
L,=5.28x10 ¥t cMPg ! 15 » 16'° S\ Zxp=0-6667
4 [t 9] (19 % \‘: Oyn=1mb[13]
o L B3
and — \1\ /pw
L‘J\ \\\\\\ (3= (R)+{p*p)+ ChurmJ
H,=0.63881+In{t,/149.4 gcm?}].  (16) A i N TSt PW
‘;110-16 L ~—Monte Carlo{12)
Takingr ,=0.58, the ternt,,,, is estimated at TeV energies (287‘_75;;)'[31;?“‘:0'1'""
along with the parameters, and H, and the results are IR
displayed in Table I. We have taken the value &f, as \ (3—=R),Z5 5=01967
0.6666 ando,,=0.332 mb at 18 TeV obtained from the -\ ' Oyn=0-332mb
extrapolated results of the photopion production cross sec- 67L \\\ Emax=103TeV
tions available from the DES¥p collider HERA[32]. The S PW
photopion production cross sectier), follows the form 5 S~ (d—=Charm)
0,,=(0.147-0.017 IrE ,+0.0022 Ir'ny) mb. (17) L
. 1618 I T VI T |
From the relation(14) one can relate\ = oghg/ (AT ), O 2 4 6 8 10

which yields a value of 3789 g cr for the adopted values
=480 mb,\;=38 gcm 2 and A=14.5. The simplified

form of the differential muon spectrum obtained from UHE

v-ray cascades in the atmosphere has been found to follow FIG. 2. The analytically derived integral spectra of muons gen-

the form

dN, 2.95<107“E?4,
dE  [1+(L,E)/(H,e )]

(18)

TakingL, andH,, from Table | ande ,=0.115 TeV the dif-

ferential energy spectrum of muons from pions photopro-curves represent the calculated muon spectra fromyttey pro-
duced by photon-induced showers has been calculated amidced direct muons and charmed mes¢@8]. The triple-dot-

found to follow the form

erated byy rays emitted from the Crab direction in the atmosphere
and other results: Dotted curve shows the Monte Carlo results of
Halzenet al.[12] and dashed and dot-dashed curves show the ana-
lytical result of Dreeset al. [13] for Z,=0.3, o,5=100 ub and
Z,,=0.6667,0,5=1 mb, respectively. The solid line is the present
work for muons from photopiongy—m) for Z,..=0.1967 and
o,n=0.332 mb. The double-dot-dashed and dot-double-dashed

dashed curve shows the derived total muon spectrum.
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TABLE II. Muon fluxes with different interaction parameters I’ﬁrym);lo3 TeV [31] along with the
different values o, iy, and correction factoré andF , for vertical incidence.

Muon

energy E, min

(TeV) (TeV) IN[E ma’E 5 minl f=[E/0.04P53 N,(>E) [cn? sed*
1 10 4.6050 5.5069 7.6010 15
2 20 3.9120 7.9516 1.%710 15
3 30 3.5066 9.8579 7.4310716
4 40 3.2189 11.4815 3.9810716
5 50 2.9957 12.9230 2.440°%6
6 60 2.8134 14.2300 1.6310° 16
7 70 2.6593 15.4458 1.3610°16
8 80 2.5257 16.5785 8.540° 7
9 90 2.4080 17.6464 6.53L0 %7

10 100 2.3026 18.6600 5130 Y

le‘ — 1 —3.58 -1
d—E—2.79>< 10 ¥ E/TeV] (cmPsec Tey L. 6"

(19

The corresponding integraj-ray-induced muon spectrum

follows the form

16"
F.(>E)=1.0822<10 {E/TeV] %8 (cn? seo‘l.( 20

Taking A=14.5, x,,4=38 g cm %, and N,=6.02x10?® and
using the analytic relatiof8) based on QED calculations of
Berezinsky et al. [26], the muon generation by rays
through direct production of muon pairs in the Coulomb field
of the nuclei charge in reactionsy+Z—Z+u"+u~ has
been calculated. The muon spectrum froaray charmed
meson decay in reactionst+ A—D + X has been estimated
using the kinematical expressidf) after[26]. The derived
y-ray-induced muon spectra expected from the photopion
production, direct muon production, and charm meson decay
in the spectral range 1-8 TeV are displayed in Fig. 2 along
with the Monte Carlo result of Halzeat al. [12] and also
with the analytical estimate of Dreest al. [13]. The plot 107
shows that muon spectrum appearing from direct production
in y+Z—Z+u" +u~ dominates at muon energies beyond -
5 TeV. As a matter of fact, nonprompt mesons have a small
decay probability on the interaction length in the atmosphere. -

=

O
L
a

N
2

F)u(>E}J Yem?2s!
IS}

T (3 Charm)

Auriema et al. [33] and Staneet al. [34] have pointed ekl I I N I
out that the charm contribution dominates the muon spec- O 2 4 6 8 10
trum for energies beyond 100 TeV. The present result dis- Eu(TeV)

played in Fig. 2 shows the simulation result of Halzral.
[12], which arises from the flux of the primanyrays emitted
from the Cygnus X3 source and is also due to the differen
adoption of interaction parameters.

FIG. 3. Muon spectra derived from the Crab-emittedays
E17—25 using a HY27] simulation formulation for photopions has

. . . been compared with those analytically estimated for photopions,
The photon spectral relatio(L2) yields the amplitude direct muons, and charm meson decays: The solid curve shows

when multl_plled by 167 of th_e valueF =15 and_y=1.4. We  the muons from the decay of photopiofig—) is the spectrum
have considered the maximum energy available from th@ypected from the H$27] simulation formulation; the dashed
Crab-emittedy-ray spectrum from the measurements sur-cyrve is the similar result found for photopions from the analytical
veyed by the CASA MIA grou31] viz., E, ma=10° TeV  model [13] for Z,,=0.1967, o,y=0.332 mb, dot-dashed and
and other parametef§, ., and f are calculated and have double-dot-dashed curves show the muon fluxes expected from di-
been presented in Table Il. We have adopted relatid)  rect muongy—u"r™) and charm particle decays— charm) from

and the other parametét,=15 along with the values of the standard mod¢p6].
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minimum y-ray energyE, ., and correction factof from  occur from+y-air interactions through+Z—Z+u*+u" re-
Table Il. The simplified form of the relation comes out to be actions. The muon production through the pion-generated in

of the form photonuclearyN reaction is adequate for muon energies be-
16 oh o 4 low 3 TeV. So one can safely ignore the muons from direct
N,(>E)=3.10f In(100E+ey)Erey €M™ “sec . contributions as well as from charmed meson decays below

(21 such energy.

Using relation(21) along with the parametric values pre-
sented in Table IlI, the integral muon fluxes from the latest

Crab-emittedy-ray spectrum(11) have been derived and  The muon energy spectrum below 3 TeV analytically de-
shown in Table II. rived from the Crab-emitteg-ray photopion decay is in fair

In Fig. 3 muon energy spectrum expected from an HS;greement with the expected results from the Monte Carlo
[27] simulation-based formulation has been compared withormulation of Halzen and Stanev when parametrized with
the analytical result expected from photopidns-m) USiNg  the |atest available results. The muon fluxes obtained from
the model of Dreegt al.[13]. It is evident from Fig. 3 that photopion decay through photonucleg reactions is ad-
the HS[27] formulation yields an excess of muon flux be- equate for muon energies below 3 TeV. But above that en-

yond 4 TeV energy when compared to our expected resultsygy, the majority of the muon contribution occur froprair
obtained from the analytical calculations. In the same plojnteractions throughy+Z—Z+u* +u~ reactions.

the analytical esiimates of muon fluxes are shown from di-

rect muongy—u" u~) and charmed mesolgg—charm) ob-
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