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Lepton fluxes from atmospheric charm
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We reexamine the charm contribution to atmospheric lepton fluxes in the context of perturbative QCD. We
include next-to-leading order corrections and discuss theoretical uncertainties due to the extrapolations of the
gluon distributions at smallx. We show that the charm contribution to the atmospheric muon flux becomes
dominant over the conventional contribution fromp andK decays at energies of about 105 GeV. We compare
our fluxes with previous calculations.
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I. INTRODUCTION

Neutrino and muon fluxes from cosmic ray interactio
with the Earth’s atmosphere have been topics of consider
experimental and theoretical interest@1#. At energies near 1
GeV, the IMB @2#, Kamiokande@3#, and Soudan@4# experi-
ments detect an excess ofne relative to nm in the atmo-
spheric neutrinos. Recent results from SuperKamiokande@5#
appear to confirm this observation. At these energies,
leptonic decays of charged pions and leptonic and semi
tonic decays of kaons are responsible for the lepton flux
the so-called ‘‘conventional’’ lepton flux. Currently, it is be
lieved that the conventional flux dominates until energies
about 103 TeV, when the effects of atmospheric charm pr
duction and decay become important contributions to
lepton fluxes. The issue of where the charm contributio
dominate is of interest, in part, because this is an ene
regime accessible to large underground experiments@6#. Re-
cent results from Fre´jus @7#, Baksan@8#, and other experi-
ments@9# show an excess relative to the conventional mu
flux in the 10 TeV energy range. This may be an indicat
of a charm contribution at lower energies than expected. O
of the main goals of the neutrino experiments such as
Antarctic Muon and Neutrino Detector Array~AMANDA !
@10#, Antares@11#, Nestor@12# and at Lake Baikal@13# is the
search for muon neutrinos from extragalactic neutr
sources for which atmospheric neutrinos and muons pre
the main background.

Lepton fluxes from atmospheric charm have been ca
lated previously@14–17# for specific models of charm par
ticle production. Here, we calculate the leptonic flux fro
charm in the context of perturbative QCD. We include ne
to-leading order radiative corrections and we study the
portance of the small-x behavior of the parton distribution
functions. We emphasize the uncertainties inherent in
necessary extrapolation of cross sections and energy d
butions beyond the experimentally measured regime. We
the comparison with low-energy charm production data
constrain some of the theoretical uncertainties, such as
charm quark mass and the factorization and renormaliza
scale dependence. We compare our results to the earlier
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le

e
p-
s,

f
-
e
s
y

n
n
e
e

o
nt

-

-
-

e
tri-
se
o
he
n
rk

on the prompt muons from charm including a recent cal
lation @14# calculated using thePYTHIA Monte Carlo program
@18#.

In the next section, we describe the framework for t
calculation of the lepton fluxes. In Sec. III, we focus on t
charmed quark contribution. In Sec. IV, we present our
sults for the fluxes and compare with other calculations.
conclude in Sec. V.

II. LEPTON FLUX CALCULATION

Particle fluxes are determined by solving the coupled d
ferential equations that account for production, decays,
interactions of the particles. The general form of the casc
equations describing the propagation of particlej through
column depthX is given by@19,20#

df j

dX
52

f j

l j
2

f j

l j
~dec!

1(
k

S~k→ j !, ~2.1!

wherel j is the interaction length,l j
(dec).gct jr(X) is the

decay length, accounting for time dilation factorg and ex-
pressed in terms of g/cm2 units. The density of the atmo
sphere isr(X) and

S~k→ j !5E
E

`

d Ek

fk~Ek ,X!

lk~Ek!

dnk→ j~E;Ek!

dE
. ~2.2!

In the case of production,dn/dE refers to the inclusivej
production cross section 1/sk•dsk→ j /dE. For decays,
dn/dE is the decay distribution 1/Gk•dGk→ j /dE @wherelk

→lk
(dec) in Eq. ~2.2!#. HereE is the energy of the outgoing

particle j.
It is possible to solve these equations numerically, ho

ever, it has been shown@14# that the same results can b
obtained with an analytic solution which was derived by n
ticing that the energy dependence of the fluxes appro
mately factorizes from theX dependence. Consequently, o
can rewrite
©1999 The American Physical Society20-1



r

g
a

e,
au

i
ry

-

b
an

ic
c-

en
er

h
Re

de
mi-
e-
of

l-
de-
re

cu-
he

ss

r of
The
tive
f

es

to

lei
-

n
by

L. PASQUALI, M. H. RENO, AND I. SARCEVIC PHYSICAL REVIEW D59 034020
S~k→ j !.
fk~E,X!

lk~E!
E

E

`

d Ek

fk~Ek,0!

fk~E,0!

lk~E!

lk~Ek!

dnk→ j~E;Ek!

dE

[
fk~E,X!

lk~E!
Zk j~E!. ~2.3!

It is often convenient to writeZk j in terms of an integral ove
xE[E/Ek , so

Zk j~E!5E
0

1dxE

xE

fk~E/xE,0!

fk~E,0!

lk~E!

lk~E/xE!

dnk→ j~E/xE!

dxE
.

~2.4!

In the limits where the flux has a single power law ener
behavior, the interaction lengths are energy independent
the differential distribution is scaling~energy independent!,
the Z-momentZk j(E) is independent of energy. In practic
the Z-moments have a weak energy dependence bec
dn/dxE depends onEk , the interaction lengthsl are not
energy independent, and in general,fk(E) is not a constant
power law in energy over the full energy range. The cosm
ray flux can be represented by the following flux of prima
nucleons atX50:

fp~E,X50!@cm22s21 sr21 GeV21#

51.7 ~E/GeV!22.7E,E0

174 ~E/GeV!23 E>E0 , ~2.5!

whereE0553106 GeV @21,22#. At these energies, we as
sume isotropy of the flux@23#.

The detailed solutions to the cascade equations can
found, for example, in Refs.@19# and @20#. Following Ref.
@14#, we assume that the incident cosmic ray flux can
represented by protons. The flux results, in high energy
low energy regimes for lepton flavorl 5nm, ne, or m due to
proton production of hadronj followed by j decay intol are

f l
j ,high5

Zp j~E!Zjl ~E!

12Zpp~E!

ln~L j /Lp!

12Lp /L j

mj c h0

E t j
f ~u!fp~E,0!,

~2.6!

f l
j ,low5

Zp j~E!Zjl ~E!

12Zpp~E!
fp~E,0!, ~2.7!

where an isothermal model for the atmosphere, in wh
r(h)5r0exp(2h/h0) describes the density profile as a fun
tion of altitude h. The parameters areh056.4 km and
r052.0331023 g/cm3 @24#. The quantitymj is the decay-
ing particle’s mass and

L j[
l j

~12Zj j !
~2.8!

is an effective interaction length, which is weakly depend
on energy. The zenith angle dependence of the high en
flux is characterized byf (u).1/cosu for u,60°. At higher
zenith angles,f (u) is a more complicated function whic
accounts for the curvature of the earth. Details appear in
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@20#. The low energy flux is isotropic. When the casca
involves charmed hadrons, the low energy behavior do
nates and the flux is called ‘‘prompt.’’ Critical energies, b
low which the decay length is less than the vertical depth
the atmosphere, range from 3.729.53107 GeV @14#. Inter-
polation between high and low energy fluxes is done via

f l5(
j

f l
j ,lowf l

j ,high

f l
j ,low1f l

j ,high
. ~2.9!

Equations~2.6! and~2.7! show that the bases for the ca
culation of the prompt lepton fluxes are production and
cay Z moments involving charm. The decay moments a
discussed in Sec. III D. The main uncertainties in the cal
lation of the lepton flux from atmospheric charm are t
productionZ-moments:ZpD and ZpLc

. The production mo-
ments are given by

Zpc52E
0

1dxE

xE

fp~E/xE!

fp~E!

1

spA~E!

dspA→cc̄~E/xE!

dxE
,

~2.10!

where we have assumed thatdsp→c /dxE52dspA→cc̄ /
dxE . As a practical matter, we evaluate the differential cro
section up to a beam energy ofE/xE51010 GeV. We show
below that beam energies less than on the order of a facto
10 larger than the charm energies are most relevant.
differential cross section is evaluated here using perturba
QCD. The factor of two approximates the multiplicity o
charmed~or anticharmed! particles. The charmZ-moments
can be converted to hadronic moments by

Zp j~E!5 f j Zpc~E! , ~2.11!

where f j is the fraction of charmed particles which emerg
as hadronj, wherej 5D0, D1, Ds

1, andLc . We implicitly
sum over particles and antiparticles@hence the factor of two
in Eq. ~2.10!#.

The inelastic proton-air cross sectionspA(E) is param-
etrized by@25#

spA~E!529028.7 ln~E/GeV!11.14 ln2~E/GeV! mb.
~2.12!

In the high energy limit of the lepton fluxes, in addition
Zpc , we need effective hadronic interaction lengthsL j . The
proton effective interaction length is therefore

Lp~E!.
A

N0spA~E!

1

~12Zpp!
, ~2.13!

whereA514.5 is the average atomic number of air nuc
and N056.02231023/g. We use the Thunman-Gondolo
Ingelman~TIG! energy dependentZpp , calculated using a
PYTHIA Monte Carlo program@18# as a function of energy
@14#. The charmed hadronj interaction lengths are all take
to be equal to the kaon interaction length, approximated
0-2
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LEPTON FLUXES FROM ATMOSPHERIC CHARM PHYSICAL REVIEW D59 034020
L j.
A

N0spA~E!

spp
tot~E!

sKp
tot~E!

1

~12ZKK!
. ~2.14!

We useZKK from Ref. @14#. The total cross sections ar
parametrized using the particle data book values@26# based
on Regge theory@27#. The prompt lepton flux below
108 GeV is insensitive to the detailed values ofL j because
essentially all of the charmed hadrons decay before reac
the surface of the earth. Therefore, for most of the ene
range considered here, the charmed particles are ‘‘low
ergy’’ and Eq.~2.7! describes the lepton fluxes.

We now turn to the evaluation ofZpc in perturbative QCD
and the other charm inputs.

III. CHARM CROSS SECTION
AND ENERGY DISTRIBUTION

The charm production cross section and energy distr
tion are the largest uncertainties in the calculation of
prompt lepton fluxes. Since the charm quark mass is of
order of 1.3 GeV, the treatment of the charm quark a
heavy quark may be questionable. Theoretical uncertain
due to the possible range of charm quark masses, as we
the usual factorization and renormalization scale depende
need to be studied. Theoretical predictions based on pe
bative QCD calculation fit the available data reasonably w
in the energy range up to 800 GeV beam energy@28#. How-
ever, atmospheric lepton flux calculations require beam
ergies up to and beyond 108 GeV. The parton distribution
functions are needed at very small parton momentum f
tion x, outside of the measured regime@29#.

In this section we will address these theoretical issues:
effect of next-to-leading order corrections on the cross s
tion and charmed particle energy distribution; charmed qu
mass dependence; factorization and renormalization scale
pendence; the consequences of the small-x behavior of the
parton distribution functions on the interactionZpc moment;
and theA dependence of the proton-air charm product
cross section.

From our evaluation of these quantities, a theoretical
certainty associated with perturbative charm production w
be evaluated. We also describe our inputs to the decay
ments of charmed hadrons.

A. Total cross section

The next-to-leading order~NLO! total charm cross sec
tion has been calculated by Nason, Dawson, and Ellis@30#
and by van Neerven and collaborators@31#. The NLO cross
section is a factor of between 2 and 2.5 larger than the le
ing order cross section. Gluon fusion dominates the prod
tion process. In Fig. 1, we show the importance of the cha
quark mass in the NLO cross section. We compare the N
s(pN→cc̄X) as a function of the beam energyE obtained
with the renormalization scalem equal to the factorization
scale M equal to the charm quark massmc with mc
51.3 GeV andmc51.5 GeV. The cross sections are eva
ated using the CTEQ3 parton distribution functions@32#. The
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corresponding value ofL4
MS is 239 MeV. Fixed target data

from a summary by Frixioneet al. @33# are also plotted. We
note that the fixed target data seem to prefermc
51.3 GeV. In all of the subsequent figures, we setmc
51.3 GeV. The CTEQ3 parton distribution functions w
be our canonical set, in part because they incorporate gl
fits to the DESYep collider HERA data, and while their
validity is not claimed for parton fractionx below xmin
51025 and Q051.6 GeV, the program nevertheless pr
vides smooth parton distribution functions which are so
tions to the Altarelli-Parisi equations below these values.

In Fig. 2 we show dependence of the total cross section
the scale and parton distribution. We plot the NLO cro
section for different values ofm and M: using the CTEQ3
structure functions, we setm5M5mc ~dot-dashed! and m
5mc ,M52mc ~solid! with mc51.3 GeV. The dashed line
is the cross section obtained with the Martin-Roberts-Stirl

FIG. 1. The NLOcc̄ production cross section inpN collisions
versus beam energy formc51.3 and 1.5 GeV. The CTEQ3 parto
distribution functions are used withM5m5mc . The data are taken
from the summary in Ref.@28#.

FIG. 2. A plot of NLO spN
cc̄ versus beam energy formc

51.3 GeV using the CTEQ3~solid! and D-~dashed! parton distri-
bution functions withM52mc and m5mc . Also shown is the
CTEQ3 NLO prediction withM5m5mc ~dot-dashed!. The data
are the same that appear in Fig. 1.
0-3



ov

he
o

n
-

os
a

.3

dl
-
a

.5

r

c-
ing
0

t
-

n

y

io
lu
e
us

-

al-
on,
e

nt

ts

r-

s
cal
the
ger
by

y

e

n

the

L. PASQUALI, M. H. RENO, AND I. SARCEVIC PHYSICAL REVIEW D59 034020
set D-~MRSD-! parton distribution functions@34# and scales
m5mc ,M52mc with mc51.3 GeV. Also plotted are the
data as in Fig. 1.

The MRSD- distribution functions have a small-x behav-
ior that is suggested by the Balitskii-Fadin-Kuraev-Lipat
~BFKL! approach@35#. In the small-x limit, the parametriza-
tion of the gluon~and sea quark! distribution functions at
reference scaleQ0 is

xg~x,Q0!;x2l . ~3.1!

Power law extrapolations of small-x distribution functions
are discussed in Ref.@36#. The D- distributions have
l50.5. Typically, global fits such as the MRSA@37#, MRSG
@38#, and CTEQ3 distributions havel.0.3. By using the D-
distributions, we are effectively setting an upper limit on t
perturbative charm cross section, given our choices
mc , m and M. We note that, generally, parton distributio
functions begin evolution atQ0 larger than 1.3 GeV. Conse
quently, our default factorization scale isM52mc so that we
can use more than the CTEQ3 parametrizations.

Figure 2 indicates that at low energies, the total cr
section has weak dependence on the choice of the scale
the parton distribution function. At high energies,E
>106 GeV, there is a factor of 1.7–2.1 increase fromM
5mc to M52mc . The D- cross section is a factor of 1
larger than the CTEQ3 cross section atE5106 GeV, both
with M52mc . The D- cross section increases more rapi
because of the steeper small-x behavior of the parton distri
bution function and is enhanced by a factor of 2.6
108 GeV. This gives an overall uncertainty of factor of 5
at the highest energy of 108 GeV. The MRSA and MRSG
cross sections forM52mc lie between the upper and lowe
curves in Fig. 2.

The total charm cross section inp-Air collisions,
spA→cc̄(E), can be written as

spA→cc̄5AgspN→cc̄ . ~3.2!

We have evaluated theA dependence for charm pair produ
tion using a Glauber-Gribov model of nuclear shadow
@39#. We find that over an energy range of 12

2106 GeV, g51.020.8. SinceA514.5, the shadowing
effect is small, so we setg51. This is consistent with recen
measurements atE5800 GeV @40#. Low energy measure
ments at largerxE @41# indicate smallerg values (g
.0.75), which would reduce our flux predictions by a
overall factor of 0.5.

We have used a comparison between data and theor
the total cross section to show thatmc51.3 GeV is a rea-
sonable choice, and to estimate the range of cross sect
related to the approximate uncertainty in the flux. To eva
ate Zpc , we need the energy distribution of inclusiv
charmed particle production. In the next section, we disc
the energy distribution of charm quarks in NLO QCD.

B. Charm energy distribution

NLO single differential distributions in charm quark pro
duction have been evaluated Nason, Dawson, and Ellis@42#
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and incorporated into a computer program, which also c
culates double differential distributions, by Mangano, Nas
and Ridolfi @43#. The program is time consuming, so w
have incorporated NLO corrections tods/dxE by rescaling
the leading order distribution. ThexE distributions at next-
to-leading order are well fit by aK-factor rescaling which is
a function ofxE , whereK is defined by

K[
ds~NLO!/dxE

ds~ ‘ ‘ LO’ ’ !/dxE
, ~3.3!

where ‘‘LO’’ means taking the leading order matrix eleme
squared, but using the two-loopas(m

2) and the NLO parton
distribution functions.K defined this way shows the effec
of the NLO matrix element corrections.

Using the NLO computer program with the CTEQ3 pa
ton distribution functions, we show our results forK(E,xE)
for E5103 and 2K(E,xE) for E5106 GeV in Fig. 3. We
find that K evaluated using the D- and MRSA distribution
agree well with Fig. 3. The error bars indicate the numeri
errors associated with the Monte Carlo integration in
NLO program. At higher energies, the errors become lar
for comparablexE because the cross section is dominated
small xE .K can be parametrized as

K~E,xE!51.3610.42ln„ln~E/GeV!…

1„3.40118.7~E/GeV!20.43

20.079 ln~E/GeV!…xE
1.5 ~3.4!

for m5mc and M52mc . The parametrization is shown b
the curves in the figure.

Using thexE and energy dependentK factor, we plot the
charm quarkxE distribution for E5103 GeV, 106 GeV,
and 109 GeV in Fig. 4. The distributions fall rapidly with
xE . The convolution of the differential distribution with th

FIG. 3. The functionK(E,xE) defined in Eq.~3.3! versusxE for
E5103 GeV and 106 GeV. The points come from the evaluatio
of K using the results of Refs.@42,43# with error bars indicating
numerical errors in the integration, and the curves are our fit to
ratio parametrized in Eq.~3.4!.
0-4
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LEPTON FLUXES FROM ATMOSPHERIC CHARM PHYSICAL REVIEW D59 034020
ratio of proton fluxes and interaction lengths, integrated o
xE at fixed outgoing charm quark energy, is what is requi
for the Z-moment.

Figure 5 shows the differential moment,dZpc /dxE . The
solid lines are for CTEQ3 distributions at outgoing cha
energiesE5104 GeV, 106 GeV, and 108 GeV, in in-
creasing magnitudes. The dashed lines represent the
quantities for the D- calculation. The D- distributions ha
approximately the same shape as the CTEQ3 distributi
but there is a more rapid growth in overall normalizati
with energy.

In the context of perturbative hard scattering product
of charm pairs, the averagexE value in the evaluation ofZpc
is 0.15–0.2. More than 80% of the cross section comes f
charm transverse momenta below a value of 2mc . In the low
transverse momentum limit,xE.xF . Fixed target experi-
ments measureds/dxF . The measured charmed mesonxF
distributions are consistent with the perturbative NLO QC
calculations for charm quark production, without any fra
mentation corrections that would soften thexF distributions

FIG. 4. For E5103 ~solid!, 106 ~dashed! and 109 GeV ~dot-
dashed!, ds/dxE , including the factor ofK(E,xE). The scales used
arem5mc andM52mc , for mc51.3 GeV.

FIG. 5. For energies E5104 GeV, 106 GeV, and
108 GeV, dZpc(E)/dxE versus xE for CTEQ3 ~solid! and D-
~dashed! parton distribution functions, wherem5mc and M
52mc .
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@44#. Fragmentation calculations are applicable at large tra
verse momentum. For the calculation ofZpc , we are in the
low transverse momentum regime, so we do not need fr
mentation.

C. Hadron fractions

We account for the transformation of charmed quarks i
hadrons by an energy independent hadronic fraction.
hadronic fractions convertZpc into the interaction moments
for the charmed mesons and theLc via Eq. ~2.11!. The had-
ron fractions can be obtained by the observation that@33,45#

s~Ds!.0.2s~D01D1!, ~3.5!

s~Lc!.0.3s~D01D1! . ~3.6!

The fractions of charmed quarks that appear asDs and Lc
are

f Ds
50.13 , ~3.7!

f Lc
50.20. ~3.8!

To get the D1 and D0 fractions, one needs a ratio o
s(D1)/s(D0). Using arguments based on isospin inva
ance and counting of states in the production ofD andD* ,
together with branching fractions forD*→D, Frixioneet al.
@33# suggest thats(D1)/s(D0).0.32. With this assump-
tion for the ratio of the cross sections,

f D050.51, ~3.9!

f D150.16. ~3.10!

There is some uncertainty in the values off j . Experimen-
tal measurements ofs(D1)/s(D0) in pN andpp fixed tar-
get experiments tend to lead to a somewhat higher ratio
cross sections. For example inpp collisions with a beam
energy ofEb5400 GeV, the LEBC-EHS Collaboration@46#
measuress(D1)/s(D0)50.760.1, while in pN collisions
at Eb5250 GeV, the ratio is measured by E769@47# to be
0.5760.22. By taking s(D1)/s(D0)50.6, the resulting
change in the predicted flux is only;15%.

IntegratedZ-momentZpD0 scaled by 103 versus charmed
particle energy is shown in Fig. 6 for the D- and CTEQ
distributions withm5mc and M52mc . Also shown is the
CTEQ3 calculation withm5M5mc . The otherZ-moments
for charm production are simple rescalings of Fig. 6. Wh
the curves are similar up to 1 TeV, byE5106 GeV, there is
a factor of;5 between the upper and lower curves. AtE
5108 GeV, the upper and lower curves differ by more th
a factor of 10, larger than the ratio of cross sections at
same energy. This is accounted for by the fact that
Z-moments at energyE involve integrals of the cross sectio
at a higher energy. In addition, sincexE;0.1520.2 and the
cross section is dominated by parton invariant masses
mc , small partonx values are emphasized. Since the prom
flux is proportional toZpc , this enhancement is reflected
the flux as well.
0-5
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D. Decay moments

The last elements of the calculation of the lepton flux
from charm are the decay momentsZkl(E) for k
5D1, D0, Ds

1, andLc . The decay moments can be wri
ten in the same form as Eq.~2.4! with lk now representing
the decay length. The decay distribution can be represe
by

dnk→ l~E;Ek!

dE
5

1

Ek
Fk→ l S E

Ek
D , ~3.11!

so the decay moments, in terms of an integral overxE
5E/Ek , are

Zkl~E!5E dxE

fk~E/xE!

fk~E!
Fk→ l~xE! . ~3.12!

The functionF is given in Refs.@20,17#, in the approxima-
tion that the leptonic decays of charmed mesons are app
mated by three-body decays. In the ultrarelativistic limit,F is
nearly equal forl 5ne, nm, and m, so the decay moment
for the three leptons are essentially equal. Consequently
take the fluxes for the three leptons to be equal.

Following Bugaevet al. in Ref. @17#, the effective had-
ronic invariant massmX of the decay of theD1 is taken to be
630 MeV and for theD0 decays, 670 MeV. We takemX
5840 MeV for Ds decays. TheLc will ultimately contrib-
ute little over most of the energy range considered. ForLc
decays, we use the same three-body formula with an ef
tive hadronic mass of 1.3 GeV. The branching ratios are

B~D1→ l !517%,

B~D0→ l !56.8%,
~3.13!

B~Ds→ l !55.2%,

B~Lc→ l !54.5%.

FIG. 6. ZpD03103 versusE for CTEQ3~solid! and D-~dashed!
parton distribution functions withm5mc and M52mc . Also
shown isZpD03103 for CTEQ3 withm5M5mc ~dot-dashed!.
03402
s

ed

xi-

e

c-

For the energies considered here, the charmed par
fluxes in the low energy limit dominate. Assuming thatZpp
andLp are nearly energy independent, this means that

fk;Zpk~E! Efp~E! . ~3.14!

The proton flux falls likeE22.72E23. The charm production
Z-moments increase with energy, as seen in Fig. 6. When
put in the low energyD1 meson flux and evaluate theZD1 l
moment, we get the results shown in Fig. 7. All of the oth
low energy decay moments can be obtained by branch
fraction rescaling. For the high energy moments, we ta
Zpk;E0.42 for the D- distributions andZpk;E0.23 for
CTEQ3, withfk;Zpk(E)fp(E).

IV. PROMPT LEPTON FLUX

In Fig. 8~a! we show our results for the prompt atmo
spheric flux scaled byE3 for two parton distributions and
factorization scale choices. The highest flux atE
5108 GeV is with the D- distributions andM52m52mc
~dashed!. The CTEQ3 distributions with the same choice
scale are represented by the solid line, while the dot-das
line shows the result whenM5m5mc . For reference, we
show the vertical conventional and prompt flux calculat
and parametrized by TIG in Ref.@14#. The fluxes directly
reflect the interactionZ-moments of Fig. 6. We emphasiz
that the prompt flux is isotropic except at the highest en
gies, while the conventional flux is not.

We have also estimated the flux due to pion-air inter
tions creating charm pairs. The effect is to increase
prompt flux by ;30% at 102 GeV and by ;15% at
106 GeV. This is a small effect, so we neglect pion cont
butions to charm production.

The prompt lepton flux evaluated using perturbative QC
can be parametrized as

log10„E
3f l~E!/~GeV2/cm2 s sr!…

52A1B x1C x22D x3, ~4.1!

FIG. 7. The decay moment for low energyD1→ l versus energy
for D- ~dashed! and CTEQ3~solid! with M52m52mc and for
CTEQ3 withM5m5mc ~dot-dashed!. The dotted line indicates the
decay moment ifZpc is taken independent of energy.
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FIG. 8. ~a! The prompt atmospheric muon flux scaled byE3 versus muon energy for CTEQ3~solid! and D- ~dashed! with M52m
52mc . Also shown is the scaled muon flux using CTEQ3 withM5m5mc ~dot-dashed! and the TIG parametrization of the prompt muo
flux and the vertical conventional muon flux~dotted!. ~b! The dotted lines as in~a!, and our calculation of the prompt muon flux assumi
a flattening of the parton distribution functions belowxc51024 according to Eq.~4.2!.
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wherex[ log10(E/GeV). In Table I, we collect the constan
for the D- and CTEQ3 fluxes exhibited in Fig. 8~a!.

The TIG flux relies on PYTHIA calculations with
mc51.35 GeV and the MRSG@38# parton distribution func-
tions. ForE,1 TeV, the TIG flux is larger than ours be
cause of fragmentation effects. Their calculation uses
Lund hadronization model@48# which can give the charme
hadron a larger energy than the charmed quark, an e
which is larger for smaller center of mass energies. The T
prompt flux calculation is lower than our calculation for e
ergiesE.1 TeV. At partonx,1024, the parton distribu-
tions in the TIG calculation are flattened. For example,
gluon distribution is

xg~x,Q!;x20.08 ~4.2!

below x51024. NLO effects in the TIG calculation are ac
counted for by an energy andxE independent factor of 2
Overall, the net effect is that the TIGZpc is nearly energy
independent.

We note that HERA data@29# show no indication of flat-
tening in the measured range, for example, for 331025,x
and Q2;2 GeV2. However, at some critical valuex,xc ,
the growth of the parton distributions at smallx must slow. If
the sea quark and gluon distribution functions are flatte
according to Eq.~4.2! with xc51026, the flux is;70% of
the value shown by the solid curve in Fig. 8~a! at E
5108 GeV. Forxc51025, the calculated prompt flux atE
5106 GeV is ;80% of the solid curve in Fig. 8~a!, reduc-
ing to ;40% of the value at 108 GeV. For comparison with

TABLE I. Parameters for the prompt muon plus antimuon fl
appearing in Fig. 8~a!: log10„E

3fm /(GeV2/cm2 s sr)…52A1B x
1C x22D x3, wherex[ log10(E/GeV).

PDF Scales A B C D

CTEQ3 M5m5mc 5.37 0.0191 0.156 0.0153
CTEQ3 M52m52mc 5.79 0.345 0.105 0.0127
D- M52m52mc 5.91 0.290 0.143 0.0147
03402
e
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TIG, we show in Fig. 8~b! our evaluation of the promp
neutrino flux using CTEQ3 withM52m52mc , flattened
according to Eq.~4.2! below xc51024. Our results are a
factor of 6–7 higher than the TIG results. The discrepan
between the two calculations appears to be due to the in
sion of hadronization inPYTHIA.

The prompt muon flux evaluated by Volkovaet al. @16# is
larger than our calculated flux. This comes in part becaus
their assumption thatds/dxE;(12xE)5/xE , independent of
center of mass energy and a cross section larger than
perturbative one belowE;105 GeV. ThisxE dependence is
harder than the perturbativexE dependence shown in Fig. 4

Bugaev et al. @17# have presented calculations of th
prompt muon flux using two phenomenological, nonpert
bative approaches. One is based on the recombination qu
parton model~RQPM! and the other on the quark-gluo
string model~QGSM!. The QGSM prompt flux is relatively
small compared to the RQPM flux, which already affects
total atmospheric muon flux at energies of a few tens of Te
Relative to the RQPM calculation and the Volkovaet al.
results, our D- prompt flux is lower.

Several experiments show an excess in muon flux ab
;10 TeV @7–9#. Following Rhode in Ref.@7#, we plot in
Fig. 9 the quantityE3.65fm(E), wherefm represents the sum
of the prompt and vertical conventional flux. Also shown a
the data from Ref.@7#. The energy scale factor mostly ac
counts for the rapidly falling conventional flux@49#. When
we add the prompt fluxes of Fig. 8~a! to the TIG vertical
conventional flux, one sees an enhancement at muon e
gies above 105 GeV, at a higher energy than the experime
tal excess shown by data points.

In Ref. @50#, we have shown that it is possible to enhan
the prompt flux sufficiently to account for some of the o
served muon excess at a few TeV. This is accomplished
extrapolating the charm cross section at 1 TeV with a fas
growth in energy than predicted by perturbative QCD. T
xE dependence was taken asds/dxE;(12xE)4. The inputs
are consistent with fixed target data below 1 TeV beam
ergies. We found that the predicted prompt flux made s
0-7
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nificant contributions in the region of the observed exces
muons, but it does not fully describe the Fre´jus data@7#.
These inputs are not consistent with perturbative QCD. T
experimental excess of muons cannot be accounted fo
perturbative QCD production of charm.

Another implication of the prompt fluxes calculated he
is the ratio of the muon neutrino to electron neutrino flu
We define

Ru5
fnm

fne

. ~4.3!

Using the TIG parametrization of the verticalu50° neutrino
fluxes, adding conventional and prompt contributions,R0 as
a function of energy is shown in Fig. 10. At a zenith angle
60°, the conventional flux is a factor of two larger. The ra
R60 is also shown in Fig. 10. The quantityR is an interesting

FIG. 9. The prompt plus vertical conventional atmosphe
muon flux scaled byE3.65 versus muon energy for CTEQ3~solid!
and D- ~dashed! with M52m52mc . Also shown is the scaled
muon flux using CTEQ3 withM5m5mc ~dot-dashed! and the TIG
parametrization of vertical conventional muon flux~dotted!. The
data shown are from Ref.@7#.

FIG. 10. R5fnm
/fne

for zenith angles 0° and 60° versus ne
trino energy for CTEQ3~solid! and D- ~dashed! with M52m
52mc , and using CTEQ3 withM5m5mc ~dot-dashed!.
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diagnostic for the onset of prompt neutrino dominance. U
fortunately, at these energies,R is difficult to measure.

V. CONCLUSIONS

We find that the perturbative charm contributions to le
ton fluxes are significantly larger than the recent TIG cal
lation. The prompt muon flux becomes larger than the c
ventional muon flux from pion and kaon decays at energ
above ;105 GeV. We set values of the charmed qua
mass, renormalization scale and factorization scale by fit
the charm production cross section to low-energy data. Us
these values, we extrapolate the inclusive charm energy
tribution to higher energies. We have evaluated the ene
distribution at NLO in QCD, and we find that the NLO co
rections give a correction of more than a factor of two whi
is weakly energy andxE dependent. Nuclear shadowing co
rections are small for all energies, due to the air nucle
being relatively light.

The main uncertainty in the perturbative calculation of t
prompt flux, given fixed charm mass, factorization scale a
renormalization scale, is the small-x behavior of the parton
distribution functions. The spread in predictions atE
5108 GeV is indicative of this uncertainty. Differen
choices of scales and distribution functions, extrapolated
low x with the same power law dependence as forx
.1025, yield as much as a factor of;10 discrepancy in the

prompt flux atE5108 GeV. The growth of thecc̄ cross
section with energy as seen in Fig. 2 requires that the pa
distribution functions must eventually slow in their grow
with small partonx, however, there are no experimental i
dications as to where this should begin, givenQ5mc
22mc . An abrupt turnover in the power law behavior of th
small-x parton distributions is unlikely. Even with an abru
onset of small-x flattening of the parton distribution func
tions atxc51024, our prompt fluxes are larger than TIG’
calculation usingPYTHIA.

We conclude that the prompt muon flux calculated in t
context of perturbative QCD cannot explain the observ
excess of muons in the TeV region@7–9#, independent of the
theoretical uncertainties associated with small partonx.
However, prompt fluxes calculated using nonperturbat
models of charm production such as discussed in R
@17,50# could provide a muon excess in that energy ran
Measurements of the atmospheric flux in the 100 TeV ra
would help pin down the charm cross section at energ
above those currently accessible using accelerators
would provide valuable information about the small-x behav-
ior of the gluon distribution function.

Even though the prompt contributions to the lepton flux
change the energy behavior of the differential fluxes by
factor of E, the atmospheric neutrino fluxes do not compe
with neutrino fluxes from extragalactic sources above
TeV @51#. Possible oscillations of muon neutrinos as ind
cated by the Super-Kamiokande experiment@5# do not affect
our results due to the extremely small oscillation probabi
for the energies of interest.
0-8
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