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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 smal. We show that the charm contribution to the atmospheric muon flux becomes
dominant over the conventional contribution frarandK decays at energies of abou®1GeV. We compare
our fluxes with previous calculations.
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[. INTRODUCTION on the prompt muons from charm including a recent calcu-
lation[14] calculated using theyTHIA Monte Carlo program
Neutrino and muon fluxes from cosmic ray interactions[18].
with the Earth’s atmosphere have been topics of considerable In the next section, we describe the framework for the
experimenta| and theoretical interégﬂ_ At energies near 1 calculation of the Iep'Fon T'UXGS. In Sec. lll, we focus on the
GeV, the IMB[2], Kamiokande3], and Soudan4] experi- charmed quark contribution. In Sec. IV, we present our re-
ments detect an excess of relative to v, in the atmo- sults for the fluxes and compare with other calculations. We
spheric neutrinos. Recent results from SuperKamiok@Bfie conclude in Sec. V.
appear to confirm this observation. At these energies, the
leptonic decays of charged pions and leptonic and semilep- Il. LEPTON FLUX CALCULATION
tonic decays of kaons are responsible for the lepton fluxes,
the so-called “conventional” lepton flux. Currently, it is be-  Particle fluxes are determined by solving the coupled dif-
lieved that the conventional flux dominates until energies oferential equations that account for production, decays, and
about 18 TeV, when the effects of atmospheric charm pro-interactions of the particles. The general form of the cascade
duction and decay become important contributions to thé€quations describing the propagation of partigléhrough
lepton fluxes. The issue of where the charm contributiongolumn depthX is given by[19,20
dominate is of interest, in part, because this is an energy
regime accessible to large underground experimiggijtsRe- de; b; b; _
cent results from Fjas [7], Baksan[8], and other experi- aX - N, Tdes +>, S(k—j), (2.1
ments[9] show an excess relative to the conventional muon A k
flux in the 10 TeV energy range. This may be an indication
of a charm contribution at lower energies than expected. Onehere | is the interaction length (*9= ycjp(X) is the
of the main goals of the neutrino experiments such as thdecay length, accounting for time dilation factgprand ex-
Antarctic Muon and Neutrino Detector ArraAMANDA )  pressed in terms of g/chunits. The density of the atmo-
[10], Antares[11], Nestor[12] and at Lake Baikd|13] is the  sphere isp(X) and
search for muon neutrinos from extragalactic neutrino
sources for which atmospheric neutrinos and muons present
the main background. S(k—>j)=f
Lepton fluxes from atmospheric charm have been calcu- E
lated previously14—17 for specific models of charm par-
ticle production. Here, we calculate the leptonic flux fromIn the case of productiordn/dE refers to the inclusivg
charm in the context of perturbative QCD. We include next-production cross section dy-doy_;/dE. For decays,
to-leading order radiative corrections and we study the imdn/dE is the decay distribution - dI'_,;/dE [where\,
portance of the smak- behavior of the parton distribution —>)\(kde°) in Eq. (2.2)]. HereE is the energy of the outgoing
functions. We emphasize the uncertainties inherent in thearticlej.
necessary extrapolation of cross sections and energy distri- It is possible to solve these equations numerically, how-
butions beyond the experimentally measured regime. We usever, it has been showi4] that the same results can be
the comparison with low-energy charm production data toobtained with an analytic solution which was derived by no-
constrain some of the theoretical uncertainties, such as thécing that the energy dependence of the fluxes approxi-
charm quark mass and the factorization and renormalizatiomately factorizes from th& dependence. Consequently, one
scale dependence. We compare our results to the earlier wodan rewrite

= (B, X) dn(ESEy)
dE,
M(Ew) dE

(2.2
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_ dW(E,X) = Hk(Ex.0) N(E) dny_j(E;Ey) [20]. The low energy flux is isotropic. When the cascade
S(k—j)=— B f d Ekd) (E.0) N(Ey dE involves charmed hadrons, the low energy behavior domi-
K £ K= K=k nates and the flux is called “prompt.” Critical energies, be-
& (E,X) low which the decay length is less than the vertical depth of
= Wzk]’(E)- (2.3)  the atmosphere, range from 3.8.5x 10’ GeV [14]. Inter-
K polation between high and low energy fluxes is done via
It is often convenient to writ&,; in terms of an integral over
XEEE/Ek, so f’,low f’,high
$=2 ~Tlow . 4j.high 2.9
1dxe ¢(E/Xg,00 M(E) dny . j(E/xg) T

ij(E):f
o Xe  H(E0) M(E/xe) dxe Equations(2.6) and (2.7) show that the bases for the cal-

(2.4 culation of the prompt lepton fluxes are production and de-
In the limits where the flux has a single power law energycay Z moments involving charm. The decay moments are
behavior, the interaction |engths are energy independent arﬁjSCUSSGd in Sec. llID. The main uncertainties in the calcu-
the differential distribution is scalingenergy independent lation of the lepton flux from atmospheric charm are the
the Z-momentZ,;(E) is independent of energy. In practice, ProductionZ-moments:Z,, andZ,, . The production mo-
the Z-moments have a weak energy dependence becauseents are given by
dn/dxg depends orE,, the interaction lengthd are not

energy independent, and in genera(E) is not a constant - o (YdXxe dp(E/xe) 1 dopacE/XE)
power law in energy over the full energy range. The cosmic pc fo X_E $o(E)  palE) dxe ,
ray flux can be represented by the following flux of primary (2.10
nucleons aX=0:
q‘)p(E,X:O)[cm*Zs*lsr*l GeV] where we have assumed thalo, . /dXxg=2dopa_cc/
dxg . As a practical matter, we evaluate the differential cross
=17 (E/GeV) 2E<E, section up to a beam energy Bfxg=10"" GeV. We show
below that beam energies less than on the order of a factor of
174 (E/GeV) 2 E=E,, (2.5 10 larger than the charm energies are most relevant. The

differential cross section is evaluated here using perturbative
whereE,=5x10° GeV [21,22. At these energies, we as- QCD. The factor of two approximates the multiplicity of
sume isotropy of the fluk23]. charmed(or anticharmegf particles. The charnZ-moments
The detailed solutions to the cascade equations can bean be converted to hadronic moments by
found, for example, in Refd.19] and[20]. Following Ref.
[14], we assume that the incident cosmic ray flux can be Z,(E)=1; Zy(E) , (2.11
represented by protons. The flux results, in high energy and
low energy regimes for lepton flavor v, ve, Oru dueto  wheref; is the fraction of charmed particles which emerges
proton production of hadropfollowed byj decay intol are 35 hadrorj, wherej=D°, D™, DJ, andA,. We implicitly
sum over particles and antiparticlggence the factor of two
nign_ Zoi(E)Z5(E) IN(A /Ay michy n Eq (2'1'8)]. particlgie
! 1-Z,(E) 1-A /A, E7 ¢ J9(E0), i i - - i
pp p/atj j The inelastic proton-air cross sectior(E) is param-
(2.6) etrized by[25]

. Zni(E)Z; (E)
jlow_ Zpit =) &iItE) _ (E)=290-8.7 In(E/GeV) + 1.14 Ir{(E/GeV) mb.
T zE B @0 e (212

where an isothermal model for the atmosphere, in whic
p(h)=peexp(=h/hy) describes the density profile as a func-
tion of altitude h. The parameters arb,=6.4 km and
po=2.03x10"3 g/cn? [24]. The quantitym; is the decay-
ing particle’s mass and

nn the high energy limit of the lepton fluxes, in addition to
Z,., we need effective hadronic interaction lengths The
proton effective interaction length is therefore

1

Ao(B)= oo onE) (1=Z,p)"

(2.13
A= (2.8
b(1-zy) '

where A=14.5 is the average atomic number of air nuclei
is an effective interaction length, which is weakly dependentind Ny=6.022< 10?°%g. We use the Thunman-Gondolo-
on energy. The zenith angle dependence of the high energngelman(TIG) energy dependerf,,, calculated using a
flux is characterized by ()= 1/co¥ for #<60°. At higher  PYTHIA Monte Carlo progranjl18] as a function of energy
zenith anglesf(#) is a more complicated function which [14]. The charmed hadropinteraction lengths are all taken
accounts for the curvature of the earth. Details appear in Refo be equal to the kaon interaction length, approximated by
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10°

A A opn(E) 1
" Noopa(E) oi24(E) (1-Zkk)

(2.14 | g

m =13 GeV

108

We useZyx from Ref.[14]. The total cross sections are
parametrized using the particle data book vall®#§ based

on Regge theory[27]. The prompt lepton flux below
10® GeV is insensitive to the detailed values /of because
essentially all of the charmed hadrons decay before reaching "
the surface of the earth. Therefore, for most of the energy o S ¢ E
range considered here, the charmed particles are “low en- i ]
ergy” and Eq.(2.7) describes the lepton fluxes.

We now turn to the evaluation @, in perturbative QCD 200 200 500 1000 2000

m_) [pb]

pN(M:M:
107

ce

and the other charm inputs.
E [GeV]
Ill. CHARM CROSS SECTION FIG. 1. The NLOcc production cross section ipN collisions
AND ENERGY DISTRIBUTION versus beam energy fon,=1.3 and 1.5 GeV. The CTEQS3 parton

) ] __distribution functions are used witfl = x=m, . The data are taken
The charm production cross section and energy distribufom the summary in Ref.28].

tion are the largest uncertainties in the calculation of the

rompt lepton fluxes. Since the charm quark mass is of the . WS . .
grderpof f.3 GeV, the treatment of thg charm quark as corresponding value QM‘AS Is 239 MeV. Fixed larget data

heavy quark may be questionable. Theoretical uncertaintie foma summary by Frixionet al. [33] are also plotted. We

due to the possible range of charm quark masses, as well gte that the fixed target data seem o prefex
the usual factorization and renormalization scale dependenc:el'3 GeV. In all of the subsquen_t flgures, we sed .
need to be studied. Theoretical predictions based on pertuf- 1.3 Gev. The CTE.Q3 parton d's”'bu“o!" functions wil
bative QCD calculation fit the available data reasonably wel e our canonical set, in _part because they mcorpc_)rate g_IobaI
in the energy range up to 800 GeV beam end@g]. How- f|ts_ tp th_e DESYe_p collider HERA datal, and while their
ever, atmospheric lepton flux calculations require beam en\-’al'd'_t%’ is not claimed for parton fractiox below Xpy
ergies up to and beyond 40GeV. The parton distribution — 10 ° and Qo=1.6 GeV, the program nevertheless pro-

functions are needed at very small parton momentum fracvides smooth parton distribution functions which are solu-

tion x, outside of the measured regirf@9]. tions tq the Altarelli-Parisi equations below these valugs.

In this section we will address these theoretical issues: th% In Fig. 2 we show dep'en(.jenpe of the total cross section on
effect of next-to-leading order corrections on the cross sec€ Scale and parton distribution. We plot the NLO cross
tion and charmed particle energy distribution; charmed quarRection for different values of andM: using the CTEQ3
mass dependence; factorization and renormalization scale dgructure functions, we sgi=M =m. (dot-dashefiand 1
pendence; the consequences of the smalehavior of the = Me,M=2mc (solid) with m;=1.3 GeV. The dashed line
parton distribution functions on the interactidp, moment; is the cross section obtained with the Martin-Roberts-Stirling
and theA dependence of the proton-air charm production
cross section.

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

10° 10!° 10!t

x [pb]
108

A. Total cross section

cc
b

(o2
107

The next-to-leading ordefNLO) total charm cross sec-
tion has been calculated by Nason, Dawson, and E3It§
and by van Neerven and collaborat¢84]. The NLO cross
section is a factor of between 2 and 2.5 larger than the lead- i
ing order cross section. Gluon fusion dominates the produc- oo
tion process. In Fig. 1, we show the importance of the charm
guark mass in the NLO cross section. We compare the NLO

a(pN—>c€X) as a function of the beam ener@yobtained FIG. 2. A plot of NLO 0% versus beam energy fom,

with the renormalization scalg equal to the factorization =13 Gev using the CTEQ®olid) and D-(dashed parton distri-
scale M equal to the charm quark mass. with m.  pution functions withM=2m, and u=m. Also shown is the
=1.3 GeVandn,=1.5 GeV. The cross sections are evalu-CTEQ3 NLO prediction withM = x=m, (dot-dashel The data
ated using the CTEQ3 parton distribution functi¢82]. The  are the same that appear in Fig. 1.

108

Lol TR Ll TR Lol Loy
1000 10% 10° 108 107 108

Epoam [GeV]
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set D-(MRSD-) parton distribution functiong34] and scales
uw=m;,M=2m. with m;=1.3 GeV. Also plotted are the
data as in Fig. 1.

The MRSD- distribution functions have a smalbehav-
ior that is suggested by the Balitskii-Fadin-Kuraev-Lipatov
(BFKL) approacH35]. In the smallx limit, the parametriza-
tion of the gluon(and sea quapkdistribution functions at
reference scal®, is

Xg(X,Qp)~x"* . (3.
Power law extrapolations of small-distribution functions
are discussed in Ref[36]. The D- distributions have
A =0.5. Typically, global fits such as the MR$A87], MRSG
[38], and CTEQ3 distributions have=0.3. By using the D-

distributions, we are effectively setting an upper limit on the

PHYSICAL REVIEW D59 034020

— —
CTEQ3, m,=1.3 GeV

solid: K(10° GeV, x)

[ dashed: 2K(10° GeV, xy)

K(E.xg)

0.4

g

FIG. 3. The functiorK (E,xg) defined in Eq(3.3) versusxg for

perturbative charm cross section, given our choices oE=10° GeV and 16 GeV. The points come from the evaluation

m., w andM. We note that, generally, parton distribution
functions begin evolution &P, larger than 1.3 GeV. Conse-
quently, our default factorization scaleNs=2m, so that we
can use more than the CTEQ3 parametrizations.

of K using the results of Ref§42,43 with error bars indicating
numerical errors in the integration, and the curves are our fit to the
ratio parametrized in Eq3.4).

Figure 2 indicates that at low energies, the total crossind incorporated into a computer program, which also cal-
section has weak dependence on the choice of the scale andlates double differential distributions, by Mangano, Nason,

the parton distribution function. At high energie§
=10° GeV, there is a factor of 1.7-2.1 increase frd
=m; to M=2m.. The D- cross section is a factor of 1.3
larger than the CTEQ3 cross sectionEat 10° GeV, both

and Ridolfi [43]. The program is time consuming, so we
have incorporated NLO corrections tlor/dxg by rescaling
the leading order distribution. The- distributions at next-
to-leading order are well fit by K-factor rescaling which is

with M =2m,. The D- cross section increases more rapidlya function ofxg, whereK is defined by

because of the steeper smalbehavior of the parton distri-

bution function and is enhanced by a factor of 2.6 at

10 GeV. This gives an overall uncertainty of factor of 5.5
at the highest energy of $0GeV. The MRSA and MRSG
cross sections foM =2m, lie between the upper and lower
curves in Fig. 2.

The total charm cross section ip-Air collisions,
opa—cdE), can be written as
(3.2

OpA—cc™ AyO'p N—cc-

We have evaluated th& dependence for charm pair produc-

do(NLO)/dxe

K= dot Lo )dxe!

(3.3

where “LO” means taking the leading order matrix element
squared, but using the two-loep(«?) and the NLO parton
distribution functionsK defined this way shows the effects
of the NLO matrix element corrections.

Using the NLO computer program with the CTEQ3 par-
ton distribution functions, we show our results #(E,xg)
for E=10% and X(E,xg) for E=10° GeV in Fig. 3. We

tion using a Glauber-Gribov model of nuclear shadowingfind thatK evaluated using the D- and MRSA distributions
[39]. We find that over an energy range of 210 agree well with Fig. 3. The error bars indicate the numerical
—10° GeV, y=1.0-0.8. SinceA=14.5, the shadowing errors associated with the Monte Carlo integration in the
effect is small, so we set=1. This is consistent with recent NLO program. At higher energies, the errors become larger
measurements &=800 GeV [40]. Low energy measure- for comparablexg because the cross section is dominated by
ments at largerxg [41] indicate smallery values (¢  smallxg.K can be parametrized as

=0.75), which would reduce our flux predictions by an
overall factor of 0.5.

We have used a comparison between data and theory for
the total cross section to show that=1.3 GeV is a rea-
sonable choice, and to estimate the range of cross sections,
related to the approximate uncertainty in the flux. To evalu-
ate Z,., we need the energy distribution of inclusive
charmed particle production. In the next section, we discus
the energy distribution of charm quarks in NLO QCD.

K(E,xg)=1.36+0.42In(In(E/GeV))
+(3.40+ 18.1E/GeV) 043

—0.079IE/GeV)xg”> (3.9

§or pu=m, andM=2m.. The parametrization is shown by
the curves in the figure.
Using thexg and energy dependekt factor, we plot the
charm quarkxg distribution for E=10° GeV, 16 GeV,
NLO single differential distributions in charm quark pro- and 1§ GeV in Fig. 4. The distributions fall rapidly with
duction have been evaluated Nason, Dawson, and B  xg. The convolution of the differential distribution with the

B. Charm energy distribution

034020-4
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do/dxy [pb]
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10
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[44]. Fragmentation calculations are applicable at large trans-
verse momentum. For the calculationDf., we are in the
low transverse momentum regime, so we do not need frag-
mentation.

C. Hadron fractions

We account for the transformation of charmed quarks into
hadrons by an energy independent hadronic fraction. The
hadronic fractions conved . into the interaction moments

for the charmed mesons and the via Eq.(2.11). The had-
ron fractions can be obtained by the observation {8345

3.9
(3.6

108

10°

0(Dg)=0.20(D%°+D™),

0(A)=0.30(D°+D") .
FIG. 4. ForE=10° (solid), 1 (dashedl and 18 GeV (dot-

dasheyl do/dxg, including the factor oK(E,xg). The scalesused The fractions of charmed quarks that appeaDasand A .

areu=m, andM=2m., for m;=1.3 GeV. are

ratio of proton fluxes and interaction lengths, integrated over fp,=0.13 , 3.7

Xg at fixed outgoing charm quark energy, is what is required

for the Z-moment. f, =0.20. (3.8
c

Figure 5 shows the differential momentZ,./dxg . The
solid lines are for CTEQ3 distributions at outgoing charmTpo get theD* and D° fractions, one needs a ratio of
energiesE=10" GeV, 1¢ GeV, and 18 GeV, in in-
creasing magnitudes. The dashed lines represent the samfce and counting of states in the productiorDo&ind D*
quantities for the D- calculation. The D- distributions havetogether with branching fractions f@* — D, Frixioneet al.

approximately the same shape as the CTEQ3 distribution$33] suggest thaw(D *)/o(D°)=0.32. With this assump-
but there is a more rapid growth in overall normalizationtjon for the ratio of the cross sections,

a(D")/o(D°. Using arguments based on isospin invari-

with energy.

In the context of perturbative hard scattering production fpo=0.51, 3.9
of charm pairs, the average value in the evaluation ;.
is 0.15-0.2. More than 80% of the cross section comes from fp+=0.16. (3.10

charm transverse momenta below a value of. 2 In the low

transverse momentum limikxe=xg. Fixed target experi-

ments measurdo/dx:. The measured charmed mesagn _ _ _
distributions are consistent with the perturbative NLO QCDget experiments tend to lead toa so.m.ewhat_hlgher ratio of
calculations for charm quark production, without any frag-cross sections. For example pp collisions with a beam

mentation corrections that would soften tke distributions

0.1

FIG.

5.

For

X,

E

energies E=10* GeV, 16 GevV,

and

1% GeV, dZ,.(E)/dxe versusxg for CTEQ3 (solid) and D-
(dashedl parton distribution functions, whergt=m, and M

=2m,.

There is some uncertainty in the valuesfpf Experimen-
tal measurements af(D)/o(D°) in pN andpp fixed tar-

energy ofE,=400 GeV, the LEBC-EHS Collaboratidr6]
measuresr(D *)/a(D%=0.7+0.1, while inpN collisions
atE,=250 GeV, the ratio is measured by E7[6%] to be
0.57+0.22. By taking o(D")/a(D%=0.6, the resulting
change in the predicted flux is onty 15%.
IntegratedZ-momentZ 5o scaled by 18 versus charmed
particle energy is shown in Fig. 6 for the D- and CTEQS3
distributions withu=m; and M =2m,. Also shown is the
CTEQ3 calculation withu=M =m;. The otherZ-moments
for charm production are simple rescalings of Fig. 6. While
the curves are similar up to 1 TeV, IB=10° GeV, there is
a factor of ~5 between the upper and lower curves. At
=10° GeV, the upper and lower curves differ by more than
a factor of 10, larger than the ratio of cross sections at the
same energy. This is accounted for by the fact that the
Z-moments at energl involve integrals of the cross section
at a higher energy. In addition, singg~0.15-0.2 and the
cross section is dominated by parton invariant masses near
m., small partorx values are emphasized. Since the prompt
flux is proportional toZ,., this enhancement is reflected in
the flux as well.

pc
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3
10° Z o

300 ‘10|oo ) 1‘2)‘* ‘ ‘1‘2)5 ) 1‘2)6 1‘2)7 o8 “100 10'00 10* 165 166 167 10°
E [GeV] E [GeV]
FIG. 6. Z,poX 10° versusE for CTEQ3(solid) and D-(dashed FIG. 7. The decay moment f0_f Iow_ener@jr—ﬂ Versus energy
parton distribution functions withu=m, and M=2m,. Also  for D- (dashedl and CTEQ3(solid) with M=2u=2m. and for
shown isZ,poX 10° for CTEQ3 with u=M =m, (dot-dashef CTEQ3 withM = u=m, (dot-dashef The dotted line indicates the

decay moment i is taken independent of energy.
D. Decay moments
For the energies considered here, the charmed particle
xes in the low energy limit dominate. Assuming tiz&f,
and A, are nearly energy independent, this means that

The last elements of the calculation of the lepton fluxes,qu
from charm are the decay momentg,(E) for k
=D", D% D/, andA.. The decay moments can be writ-
ten in the same form as E.4) with A, now representing b ~Zo(E) Ed (E) . (3.14
the decay length. The decay distribution can be represented ook P

by The proton flux falls likeE ~2"— E~2. The charm production
dn (E:E) 1 ( E Z-moments increase with energy, as seen in Fig. 6. When we
T k—1

dE =E , (3.11)  putin the low energyD * meson flux and evaluate tixg, -
k

moment, we get the results shown in Fig. 7. All of the other
] ) low energy decay moments can be obtained by branching
so the decay moments, in terms of an integral oXer fraction rescaling. For the high energy moments, we take
=E/Ey, are Z,«—~E%*2 for the D- distributions andZ,~E®?# for

CTEQ3, With ¢~ Zi(E) bp(E).
1 (E/Xg)

Z Ezfdx—FHx . 3.1
a(E) B (E) K ((Xe) .12 IV. PROMPT LEPTON FLUX

Ey

In Fig. 8@ we show our results for the prompt atmo-
spheric flux scaled bye® for two parton distributions and
actorization scale choices. The highest flux &
=10® GeV is with the D- distributions antyl =2u=2m,
V\;éiashed The CTEQS3 distributions with the same choice of

scale are represented by the solid line, while the dot-dashed

Following Bugaevet al. in Ref. [17], the effective had- line shows thg result WheM =pu=m;. For reference, we
ronic invariant massny of the decay of th®* is taken to be show the "e”.'ca' convent|_onal and prompt flux calculated
630 MeV and for théDO decavs 670 MeV. We takan and parametrized by TIG in Refl4]. The fluxes directly
=840 MeV forDg decays. Thé&l will ultimétely contrit))(— reflect the interactior_z-momen.ts of Fig. 6. We (_emphasize
ute little over moét of the energ)c/ range considered. Kgr that the prompt flux is isotropic except at the highest ener-

decays, we use the same three-body formula with an effed'®> while the conventional flux is not.

tive hadronic mass of 1.3 GeV. The branching ratios are . We have_z also estlmatgd the flux due to pion-air interac-
tions creating charm pairs. The effect is to increase the

prompt flux by ~30% at 16 GeV and by ~15% at
10° GeV. This is a small effect, so we neglect pion contri-
butions to charm production.

B(D%—1)=6.8%, The prompt lepton flux evaluated using perturbative QCD
(3.13 can be parametrized as

The functionF is given in Refs[20,17], in the approxima-
tion that the leptonic decays of charmed mesons are appro
mated by three-body decays. In the ultrarelativistic lifRits
nearly equal fol =v,, v,, andu, so the decay moments
for the three leptons are essentially equal. Consequently,
take the fluxes for the three leptons to be equal.

B(D*—1)=17%,

B(Ds—1)=5.2%, logio(E3 ¢ (E)/(GeVB/en? s sh)

B(A—1)=4.5%. =—-A+Bx+Cx*~Dx?, (4.1)
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FIG. 8. (a) The prompt atmospheric muon flux scaled BY versus muon energy for CTEQ®Rolid) and D- (dashed with M =24
=2m,. Also shown is the scaled muon flux using CTEQ3 whih= u=m, (dot-dashegland the TIG parametrization of the prompt muon
flux and the vertical conventional muon fl@stotted. (b) The dotted lines as ita), and our calculation of the prompt muon flux assuming
a flattening of the parton distribution functions belaw=10"* according to Eq(4.2).

wherex=log;(E/GeV). In Table I, we collect the constants TIG, we show in Fig. &) our evaluation of the prompt
for the D- and CTEQ3 fluxes exhibited in Fig(aB. neutrino flux using CTEQ3 wittM =2x=2m,, flattened
The TIG flux relies on PYTHIA calculations with according to Eq.(4.2) below x,=10"%. Our results are a
m.=1.35 GeV and the MRSE38] parton distribution func-  factor of 67 higher than the TIG results. The discrepancy
tions. ForE<1 TeV, the TIG flux is larger than ours be- petween the two calculations appears to be due to the inclu-
cause of fragmentation effects. Their calculation uses thgjon of hadronization iPYTHIA.
Lund hadronization mod¢Kk8] which can give the charmed The prompt muon flux evaluated by Volkoeaal.[16] is
hadron a larger energy than the charmed quark, an effeghger than our calculated flux. This comes in part because of
which is larger for smaller center of mass energies. The TIGugir assumption thata/dxe~ (1—xg)%/xg , independent of
prompt flux calculation is lower than our calculation for en- .o+ of mass energy aﬁd a croEss sgétion larger than the
ergiesE>1 TeV. At partonx<10"*, the parton distribu- erturbative one belo~10° GeV. Thisxg dependence is
tions in the TIG calculation are flattened. For example, th der than th bative: d d E h i Eig. 4
luon distribution is arder than the perturbative: dependence shown in Fig. 4.
g Bugaev et al. [17] have presented calculations of the
Xg(x,Q)~x 008 (4.2)  prompt muon flux using two phenomenological, nonpertur-
bative approaches. One is based on the recombination quark-
belowx=10"“. NLO effects in the TIG calculation are ac- parton model(RQPM) and the other on the quark-gluon
counted for by an energy arnxt: independent factor of 2. string model(QGSM). The QGSM prompt flux is relatively
Overall, the net effect is that the TI&, is nearly energy small compared to the RQPM flux, which already affects the
independent. o total atmospheric muon flux at energies of a few tens of TeV.
We note that HERA datp29] show no indication of flat-  Relative to the RQPM calculation and the Volkoeaal.
tening in the measured range, for example, fm‘l'})_5<x resu'tsl our D- prompt flux is lower.
and Q*~2 GeV~. However, at some critical value<x., Several experiments show an excess in muon flux above
the growth of the parton distributions at smathust slow. If ~ _109 Tev [7-9]. Following Rhode in Ref[7], we plot in
the sea quark and gluon distribution functions are flattenegtig. 9 the quantityg®%% ,(E), wheres , represents the sum
according to Eq(4.2) with x.=1075, the flux is~70% of ' e e O
g ql4. c™ Y 5 _ ; of the prompt and vertical conventional flux. Also shown are
the value shown by Er;e solid curve in Fig(aB at E  the data from Ref[7]. The energy scale factor mostly ac-
=10° GeV. Forx,=10"°, the calculated prompt flux &  counts for the rapidly falling conventional flUx9]. When
=10° GeV is~80% of the solid curve in Fig.(®), reduc-  we add the prompt fluxes of Fig(d to the TIG vertical
ing to ~40% of the value at 0 GeV. For comparison with  conventional flux, one sees an enhancement at muon ener-
) gies above 10 GeV, at a higher energy than the experimen-
TABLE |. Parameters for the prompt muon plus antimuon flux {5 excess shown by data points
. . . . 3 _ .
appearing 1n F'?]' &)'_'?910('5 ‘/ﬁM/(GeVZ/CmZS s)=—A+BX In Ref.[50], we have shown that it is possible to enhance
+Cx*=D x*, wherex=log;(E/GeV). the prompt flux sufficiently to account for some of the ob-
served muon excess at a few TeV. This is accomplished by
extrapolating the charm cross section at 1 TeV with a faster
CTEQ3 M=u=m, 537 0.0191 0.156 0.0153 growth in energy than predicted by perturbative QCD. The
CTEQ3 M=2u=2m,; 579 0.345 0.105 0.0127 Xe dependence was taken @ds/dxz~(1—xg)*. The inputs
D- M=2x=2m, 591 0.290 0.143 0.0147 are consistent with fixed target data below 1 TeV beam en-
ergies. We found that the predicted prompt flux made sig-
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g . diagnostic for the onset of prompt neutrino dominance. Un-
, ] fortunately, at these energidaR,is difficult to measure.

V. CONCLUSIONS

We find that the perturbative charm contributions to lep-
ton fluxes are significantly larger than the recent TIG calcu-
lation. The prompt muon flux becomes larger than the con-
ventional muon flux from pion and kaon decays at energies
above ~10° GeV. We set values of the charmed quark
‘ ‘ mass, renormalization scale and factorization scale by fitting
Tooo 1t et the charm production cross section to low-energy data. Using

E [GeV] these values, we extrapolate the inclusive charm energy dis-
FIG. 9. The prompt plus vertical conventional atmospherictr.ibu.tion. to higher gnergies. We hav? evaluated the energy
i distribution at NLO in QCD, and we find that the NLO cor-

muon flux scaled bye*®® versus muon energy for CTEQSoli . . . .
and D- (dashed wit)k:z M=24=2m,. Also sghzwn is th(g chl)ed rections give a correction of more than a factor of two which
-

muon flux using CTEQ3 wittl = = m, (dot-dashegiand the TIG 1S Weakly energy ande dependent. Nuclear shadowing cor-
parametrization of vertical conventional muon flidotted. The ~ rections are small for all energies, due to the air nucleus
data shown are from Reff7]. being relatively light.

The main uncertainty in the perturbative calculation of the
nificant contributions in the region of the observed excess oPrompt flux, given fixed charm mass, factorization scale and
muons, but it does not fully describe the’ jas data[7]. renormalization scale, is the smallbehavior of the parton
These inputs are not consistent with perturbative QCD. Thelistribution functions. The spread in predictions &t
experimental excess of muons cannot be accounted for by 10®8 GeV is indicative of this uncertainty. Different
perturbative QCD production of charm. choices of scales and distribution functions, extrapolated to

Another implication of the prompt fluxes calculated herelow x with the same power law dependence as for
is the ratio of the muon neutrino to electron neutrino flux.>10"5, yield as much as a factor ef 10 discrepancy in the

We define prompt flux atE=10® GeV. The growth of thecc cross
section with energy as seen in Fig. 2 requires that the parton
b, distribution functions must eventually slow in their growth
Ry= ¢ = (4.3 with small partonx, however, there are no experimental in-
Ve dications as to where this should begin, giv€h=m,
—2m,. An abrupt turnover in the power law behavior of the
Using the TIG parametrization of the vertiadé=0° neutrino  smallx parton distributions is unlikely. Even with an abrupt
fluxes, adding conventional and prompt contributidRg,as  onset of smalk flattening of the parton distribution func-
a function of energy is shown in Fig. 10. At a zenith angle oftions atx.=10"*, our prompt fluxes are larger than TIG’s
60°, the conventional flux is a factor of two larger. The ratio calculation usingPYTHIA.
Reo is also shown in Fig. 10. The quanti®is an interesting We conclude that the prompt muon flux calculated in the
context of perturbative QCD cannot explain the observed
: excess of muons in the TeV regipi-9], independent of the
upper 660" theoretical uncertainties associated with small parion
lower §=0 However, prompt fluxes calculated using nonperturbative
models of charm production such as discussed in Refs.
[17,5Q could provide a muon excess in that energy range.
Measurements of the atmospheric flux in the 100 TeV range
would help pin down the charm cross section at energies
above those currently accessible using accelerators and
would provide valuable information about the smalbehav-
ior of the gluon distribution function.
Even though the prompt contributions to the lepton fluxes
- e change the energy behavior of the differential fluxes by a
- S R factor of E, the atmospheric neutrino fluxes do not compete
with neutrino fluxes from extragalactic sources above 10
TeV [51]. Possible oscillations of muon neutrinos as indi-
FIG. 10.R=¢, /¢, for zenith angles 0° and 60° versus neu- cated by the Super-Kamiokande experimjtdo not affect
trino energy for éTEés(sond) and D- (dashedl with M=2,  our results due to the extremely small oscillation probability
=2m,, and using CTEQ3 wittM = u=m, (dot-dasheyl for the energies of interest.

E3'65¢>M(E) [GeVZ® /em® s sr]
10

(=]
~H

E [GeV]
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