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We compare the leading and next-to-leading order QCD predictions for the flux of atmospheric muons and
neutrinos from decays of charmed particles. We find that the full NLO lepton fluxes can be approximated to
within ~10% by the Born-level fluxes multiplied by an overall factor of 224, which depends slightly on
the PDF. This supports the approach of Thunman, Ingelman and Gondolo. We also find that their very low
lepton fluxes are due to the mild slope they used for the gluon distribution function at small momentum
fractions, and that substantially larger lepton fluxes result when the slope of the gluon distribution function at
small momentum fractions is larger.

PACS numbegs): 96.90+c, 12.38.Bx, 13.85.Tp

I. INTRODUCTION (PQCD), was thought to be inadequate because it could not
account for several aspects of some of the early data on open
The flux of atmospheric neutrinos and muons at very higicharm production(in conflict with each other, on the other
energies, above 1 TeV, passes from being originated in thand[2]), and because of a sensitivity of the leading-order
decays of pions and kaons to being predominantly generatgdO) calculation, the only existing until recently, to the
in semileptonic decays of charmed particlesge, for ex- charm quark mass, to the low partonic momentum fraction
ample, Ref.[1]). This flux is of importance for large area behavior of the parton distributions, and to higher order cor-
detectors of high energy cosmic neutrinos. Futuré kmays  rections. So, even if some now-obsolete PQCD calculations
should be able to observe muons and neutrinos with energi¢gave appearef,4], the models for charm production tradi-
that may reach 18 GeV. Atmospheric muons and neutrinos tionally favored in studies of atmospheric fluxes have been
would be one of the most important backgrounds, limitingnonperturbative: for example, besides semiempirical param-
the sensitivity of any “neutrino telescope” to astrophysical etrizations of the cross section, the quark-gluon string model
signals. In addition, they might be used for detector calibraf(QGSM), also known as the dual parton molédased on
tion and perhaps, more interestingly, be exploited to do physRegge asymptotics, and the recombination quark-parton
ics, e.g., study neutrino masses. model(RQPM), incorporating the assumption of an intrinsic
Present experimental attempts to detect atmosphericharm component in the nucledsee Ref[5]).
muons from charm are spoiled by systematic errors. Theo- Today, however, PQCD predictions and experimental
retical predictions depend strongly on the reliability of thedata are known to be compatitlé—10: charm production
model adopted for charm production and decay and differ byxperiments form a consistent set of data, and the inclusion
orders of magnitude, due to the necessity of extrapolatingf next-to-leading orde(NLO) terms has been a major im-
present accelerator data on open charm production in fixegrovement over the leading-order treatment. Quoting from
target experiments, at laboratory energies of about 200 GeVAppel [6], “the success of these calculations has removed
to the larger energies needed for atmospheric neutrinos, fromhe impetus to look for unconventional sources of charm
10% to 1¢® GeV (at about 18 GeV the rates become too production beyond the basic QCD."
small for a kni detectoy. These energies, from 40 GeVto 14 A study based on PQCD was therefore performed by
TeV in the center of mass, are comparable to the energies @hunman, Ingelman, and Gondo(@IG) [11]. CLEO and
the future Relativistic Heavy lon CollidefRHIC) at DESY ep collider HERA results were incorporated, but for
Brookhaven, 200 GeV, and the Large Hadron Collidersimplicity the LO charm production cross section was
(LHC) at CERN, 7 TeV. adopted, multiplied by a constaKtfactor of 2 to bring it in
The theoretically preferred model, perturbative QCDline with the next-to-leading order values, and supplemented
by parton shower evolution and hadronization according to
the Lund model. The neutrino and muon fluxes from charm

*Email address: gelmini@physics.ucla.edu were found to be lower than the lowest previous prediction,
"Email address: gondolo@mppmu.mpg.de namely a factor of 20 below the RQPM2], of 5 below the
*Email address: variesch@physics.ucla.edu QGSM[13,14, and of 3 below the lowest curve in R¢fl].
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Here we use the same treatment of TIG, except for thgood enough statistics, despite the recent improvements, but
very important difference of using the actual next-to-leadingmany are expected in the near future.
order PQCD calculations of Mangano, Nason, and Ridolfi We use a NLO approach which is based on the MNR
[15] (MNR), as contained in the program we obtained fromcalculation, for which we have obtained the computer code.
them(see alsd16]), to compute the charm production cross The NLO cross section for charm production depends on the
sections. These are the same calculations used currently éhoice of the parton distribution functiof®DF9 and on
compare PQCD predictions with experimental data in accelthree parameters: the charm quark mags the renormal-
erator experiments. The main goal of this paper is to comization scaleug, and the factorization scaler .
pare the fluxes obtained with the NLO and with the LO, i.e.,
we will compute theK factor for the neutrino and muon

- . L A. Choice of m., Hgr, Hg
fluxes. ThiskK factor is necessarily different from the fac-

tor for charm productioriwhich can be found in the litera- ~ MNR have two default choices afc, ug, andug: for
ture), because only the forward going leptons contribute sigfotal cross sections they choose.=1.5 GeV, ur=mc,
nificantly to the atmospheric fluxes. ue=2m,; for differential cross sections they choose instead

A similar comparison was very recently made in Ref.m;=1.5 GeV,ur=mr, ug=2my, wheremy= \/kT2+mc2 is
[17], using the approximate analytical solutions introducedthe transverse mass. The current procedure to reproduce the
by TIG to the cascade equations in the atmosphere. We makeeasured differential cross sectiof-10] is to use the
instead a full simulation of the cascades, using the combinetINR default choices for these three parameters and multiply
MNR and PYTHIA programs. These two treatments of thethe result by the global factor of about 2 or 3 necessary to
problem are complementary. For comparison, we include rematch the predicted and measured total inclusive cross sec-
sults obtained with the CTEQ 3M gluon structure functiontions. Although this procedure might be acceptable in face of
used in Ref[17]. We find our CTEQ 3M results to be close the uncertainties in the PQCD predictions, we find it unsat-
to those of the PRS study, in spite of the very different ap-isfactory from a theoretical point of view. We prefer to fit the
proaches used in the two calculations. differential and total cross sections with one and the same

Addressing right away a concern that has been expresse®mbination ofm,, ug, andug.
to us several times, about the applicability of perturbative We make separate fits af;, ug, andug for each of the
QCD calculations, mostly done for accelerator physics, tdollowing sets of PDFs: Martin-Roberts-Stirling/RS) R1,
the different kinematic domain of cosmic rays, we would MRS R2[18], CTEQ 3M[19], and CTEQ 4M[20] (see the
like to point out that, since the characteristic charm momennext subsection for detajls
tum in our simulations is of the order of the charm mdss, We are aware that several choicesnof, ug, and wug
=0(m,), we do not have here the uncertainty present in thenay work equally well. In fact the cross sections increase by
differential cross sectiond 5], whenky is much larger than decreasinger, ug, Or mg, so changes in the three variables
m. (as is the case in acceleratgrdue to the presence of can be played against each other to obtain practically the
large logarithms of K2+ mZ2)/mZ. Depending on the steep- same results. We present here just one such choice.
ness of the gluon structure function we take, we do have, We choosgug=my, up=2my for all sets, and
however, large logarithms, known as “InK}/’ terms, where

Xe== \/4mC2/s (s is the hadronic center of mass energy m,=1.185GeV  for MRS R1, @)
squared is the average value of the hadron energy fraction m—131GeV for MRS R2 @
needed to produce thox pair. These should not be important ¢ '

for steep enough gluon structure functignemely, for val- _

ues of\ in Eq. (9) not very close to zefp but we have not m.=1.24 GeV  for CTEQ 3M, ©)

made any attempt to deal with this issue.

In the next section of this paper we explain our normal- m.=1.27 GeV for CTEQ 4M. (4)
ization of the NLO charm production cross section in the
MNR program. In Sec. Ill we describe the computer simula- We fit m., ug, and ur to the latest available data on
tions used to calculate the neutrino and muon fluxes. In Secharm production[7-10] in proton-nucleon and pion-
IV we show the results of our simulations, we discuss thenucleon collisions. We use mainly the datapN collisions,
differences between a NLO and a LO approach and we make&hich are more relevant to us, but examine alsostiedata
a comparison with the fluxes of the TIG model. In this paperto see how well our choice of parameters works there.
we consider only vertical showers for simplicithe same The MNR program calculates the total cross section for

was done by TIG cc pair productions.g. We converted the experimental data
onD™ or D~ productiono(D*,D~), D°, or D° production
(D% DY), or the same cross sections just fgr>0 (Xg is

In this section, we show evidence that perturbative QCDthe Feynmarx), o, (D*,D"), and o, (D° DY), into o
gives a fair description of the present accelerator data owmalues following Ref[10].
open charm production in the kinematic region most impor- The data we used for the “calibration” of the MNR pro-
tant for cosmic ray collisions in the atmosphere. There argram are shown in Tables | and[[I-10]. These tables also
still not many experiments on open charm production withpresent a comparison of experimental data on total inclusive

IIl. CHARM PRODUCTION IN PERTURBATIVE QCD
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TABLE I. Data on total cross sections for charm production dt collisions, from E769 experiment,

have been converted te cross sections and compared to the predictions of the MNR program running at
slightly different values of the charm mass., using different PDFs.

Beam
energy o (xg>0) oo (EXP) o.o(MNR) PDF
(GeV) (ub) (nb) (unb)
pN 250 o,.(D*,D7)=3.3+0.4+0.3 13.5:2.2 13.54 MRS R1
E769(7] 0.(D°D%=5.7+1.3+0.5 m.=1.185 GeV
pN 250 o,(D*,D7)=3.3+0.4+0.3 13.5-2.2 13.43 MRS R2
E769(7] 0.(D°D%=5.7+1.3+0.5 m.=1.31 GeV
pN 250 o,.(D*,D7)=3.3+0.4+0.3 13.5-2.2 13.59 CTEQ4M
E769(7] 0.(D°D%=5.7+1.3+0.5 m.=1.27 GeV
pN 250 0,.(D",D7)=3.3+x0.4+0.3 13.5:2.2 13.45 CTEQ3M
E769(7] 0.(D°D%=5.7+1.3+0.5 m.=1.24 GeV
D-production cross sectiorisonverted tar; total cross sec- o(Dg) o(Ay)
tions) with those calculated with the MNR program. —5.=02, %02 . 7
For the data of Table I, fopN collisions, the conversion o(D",D") o(D",D")

is done using

(the same relation also for antiparticle¥he factor 2 in Eq.
(6) converts fromxg>0 to all xg [i.e., it is o/ osd(Xe
>0) for thepN casd.

In the case ofrN collisions(Table II) the factor 2 in Eq.
(6) is replaced by 1.6, which is the value of.;/o:(Xg
>0) when a pion beam is used. Table | explains our choice
of m; values. Them, values in Eqgs(1), (2), (3), and (4)
reproduce well the central values of th&l charm inclusive
total cross sections7], using the program with the four dif-

1 _
acg=1.5><§><[a(D+,D*)+a(D°,D°)] (5)
if cross sections are measured for aqy, or

1 _
acg=1.5><2><§[o-+(D+,D*)+o+(D°,D°)], (6)

if experimental data are given fa=>0 only. The explana-
tion of the factors in Eq95),(6) is_ as follows. The} factors

convert singleD inclusive intoDD pair inclusive cross sec-

ferent parton distribution function®DFS9.
In Table Il we also present a similar analysis faiN
collisions, using only MRS R1 for simplicity. In this case

tions. The 1.5 factors are required to take into account thslightly higher values ofm, fit the #N data[7,10] a bit

production ofDg and A (which is included ino;;) through
the ratios[10]

better, whilem;=1.185 GeV, the value we take with the
MRS R1 PDF, fits theoN data[7,8,10 a bit better. Notice

TABLE Il. Data on total cross sections for charm production 0¥ collisions, from E769 and WA92

experiments, have been converted tocross sections and compared to the predictions of the MNR program
running at slightly different values of the charm mass, using MRS R1.

Beam o (MNR) oée (MNR)
energy a4 (xg>0) o (EXP) (ub) (ub)
(GeV) (ub) (ub)  m,=1.185 GeV m.=1.250 GeV
7N 210 o¢.(D",D7)=1.7+0.3+0.1 9.7+1.2 14.08 10.64
E769(7] o.(D°D%=6.4-0.9+0.3
7N 250 o,(D",D7)=3.6+0.2+0.2 14.21.1 16.54 12.56
E769(7] o.(D°D%=8.2-0.7+0.5
7N 250 o,(D*,D7)=2.6+0.3+0.2 10.0-1.2 16.54 12.56
E769(7] o.(D°D%=5.7-0.8+0.4
7N 250 o.(D*,D7)=3.2+0.2+0.2 12.5-0.8 16.54 12.56
E769[7] 0.(D%D%=7.2-0.5x0.4
7 N 350 o.,(D",D7)=3.28+0.080.29 13.3-0.7 22.22 17.06
WA92 [9] 0. (D%D%=7.78+0.14+0.52 (13.5 for
m.=1.31 GeV
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FIG. 1. Comparison of experimental data feg; with MNR
predictions for differentn; values:(a) in pN collisions (Ref. [10],
Table ), (b) in wN collisions(Ref.[10], Table I) (PDF: MRS R1.

FIG. 3. Comparison of differential cross sections for
(D*,D~,D° DY production, calculated using MNR at different
values, with WA92 data formN [9]: (@) do/dxg, (b) da/dp%
(x¢>0) (PDF: MRS R1.
that for the pions we used a different PDF, SMR4], the
same used in Ref$7,8] (obviously not used in our calcula- | Figs. 1-3 we present total and differential cross sec-
tions of atmospheric flux¢sWe present therN data just for  tjons calculated with the MNR program and compared to the

completeness, to show that they too are reasonably well fitaxperimental data. As a way of example, we describe our fits
ted with our choice of parameters. These other valuesof for MRS R1 only.

in Table Il well reproduce ther™N data at 250 GeV7] and Figure Xa) shows the fit topN total cross section&on-
the7~N data at 350 GeY9] (which seem a bit too low with  yerted intoo . values as described abgvén addition to the
respect to the data at 250 Ge\Even if each value ofn;  experimental value of Table | — which is the fundamental

reproduces best each total cross section, all three providgne, since it is the experiment whose differential cross sec-
reasonable fits to all data, as can be seen also in Figs. 1-3ons we want also to fit — we added other experimental
points coming from previous experiment®r details see

Al asinaad | A RS RAA RAAMS MAAM) AARMI MMM MM Ref.[10]). For pN the m.=1.185 GeV is the best choice.

S Beam Data MNR predictions J Figure 1b) shows the same forrN collisions. Here, as

S o RSN P+ ——m=L185Gov ] explained before, values af,=1.25 GeV om,=1.31 GeV

§ ¢ are a better choice. Again we added here for completeness

3 C ] other experimental points coming from previous experiments

£ lE E [10]-

% c \ 3 Figures 2a) and 2b) shows fits taD-inclusive differential

101 L .a.).|....|...,.,,,,..,.,.,,,,.,,'}‘;.4 TR VT cross sections. In this figure the theoretically obtained
-0.1 0 01 02 03 04 05 0.6 0.7 08 09 1 dog/dxe anddo:/d p% were converted intd®-cross sec-

Xp

tions, with no extra factors. Figuresa® and 2b) present the
data of the E769 Collaboratidr8] for pN and N at 250
GeV. In these cases the differenti@); cross sections are
converted into single inclusive onéby a factor of 2 and
then into cross sections for productionDf-, D°, D°, and
D [by a factor of 1.2/1.5, see E()] for the E769 data. For
Y example,

10t

Beam Data MNR predictions

o e m,=1.250 G

]

b) P
T ) AN IS BTN ERVII AR B S
0 2 4 6 8 10 12 14

pe? (GeV?)

do/dp.? (ub/(nucleon GeV?))

._
[=>]
o
S

(2]

o

do

dxe

D*,D%D° D3 l'2><2><
(D7.DDDs)= 15 dxe
FIG. 2. Comparison of differential cross sections for _ o 5 _
(D*,D~,D%DP D¢, andDg) production, calculated using MNR  for Fig. 2@ [and similar factors foda/dpf for Fig. 2(b)].
at differentm, values, with E769 data fopN and #N [8]: (8  The fit to thedo/d p% pN data in Fig. Zb) seems to be a bit
do/dxg, (b) do/dp? (xg>0) (PDF: MRS R1. too low, but it is not very different from the fit shown in Fig.
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2 of Ref.[8]. The predicteddo/dp? are not sensitive to the parton distribution functioPDP) parameters at the ref-
differences inm; that are instead more noticeable in erence momentur®3=1.25 Ge\? where the QCD evolu-
do/dxg. tion of the MRS R1 and R2 PDFs is started. The CTEQ 4M

Figures 3a) and 3b) present therN data at 350 GeV of is the standard choice in the modified minimal subtraction
the WA92 Collaboratiorf9] in a way similar to Figs. @  (MS) scheme in the most recent group of PDFs from the
and 2b). In these cases the differentiaf cross sections are CTEQ group[aS(M§)20.116 for CTEQ 4M. We also use
converted into a single inclusive onésy a factor of 2and  an older PDF by the CTEQ group, namely, the CTEQ 3M
then into cross sections for production Bf*, D° andD° [19], only for comparisons with Eq17], where it is used as
only [by a factor of 1.0/1.5, see E¢j{)] for the WA92 data. the main PDF.

Similar conclusions can be drawn: for piomg=1.31 GeV For x<107° (E=10® TeV), we need to extrapolate the
is the best choice in this case. available PDFs. Fox<1, all these PDFs go as

We have performed the same analysis with MRS R2, )
CTEQ 4M ,and CTEQ 3M, even if we do not show here any xfi(x,Q%)=Ax M), 9

of the fits. The results for total and differential cross sections
were similar to those shown for the MRS R1, the only dif-wherei denotes valence quarks,, d,, sea quarksS or
ference being the choice @h,. In conclusion, we obtain gluonsg . The PDFs we usetexcept the older CTEQ 3M
good fits to all data on charm production with one choice ofhave As(Q4) #\4(Q3), in contrast to older sets of PDFs
ur, we, andm, for each PDF, without other normaliza- Which assumed an equality. Asdecreases the density of
tions. gluons grows rapidly. Ak=0.3 it is comparable to the quark
densities but, ag decreases it increasingly dominates over
the quark densities, which become negligiblexat10™ 2.

We need, therefore, to extrapolate the gluon PDFx to

Consider the collision of a cosmic ray nucleus of endfgy <105, Extrapolations based on Regge analysis usually pro-
per nucleon, with a nucleus of the atmosphere in WhiC'bosexg(x)~x*” with A=0.08[22], while evolution equa-
charm quarks of energl; are produced, which decay into tions used to resum the large logarithmsin(1/x) men-
leptons of energyE, (in the lab frame, namely, the atmo- tioned above, such as the BFKBalitskyii-Fadin-Kuraev-
sphere rest frameDue to the steep decrease with increasing jpatov (BFKL) [23] equation, find alsoxg(x)~x"* but
energy of the incoming flux of cosmic rays, only the mostyith \~0.5[22]. A detailed analysis of the dependence of
energetic charm quarks produced count for the final leptofhe neutrino fluxes on the lowbehavior of the PDFs will be
flux, and thesee quarks come from the interactions of pro- given in another publicatiohi24]. As mentioned above, in
jectile partons carrying a large fraction of the incomingthe present paper our goal is to compare NLO to BORN
nucleon momentum. Thus, the characteristaf the projec-  simulations, for which we use a simplified extrapolation at
tile parton, that we calk,, is large. It isx;=O(10 *). We  |ow x of the gluon PDF, which is somewhat in between the
can, then, immediately understand that very small partofyo extreme theoretical behaviors described above. For MRS
momentum fractions are needed in our calculation, becausR1-R2 and CTEQ 4M we take a linear extrapolation of

typical partonic center of mass energiég are close to the Ing(x) as a function of Ix, in which we took Ing(x)
cc threshold, M.=2 GeV (since the differential cross sec- = —[\(Q)+1]Inx+In Ay, where)4(Q?) was taken as its

- —10°5 i
tion decreases with increasirgy, while the total center of value at?<—10 , the smallesix for which the PDFs are
mass energy squared &= 2myE (with my the nucleon proy|ded, f_or t.he. CTEQ 3.M we used a polynomial approxi-
mass,my=1 GeV). Calling x, the momentum fraction of mation which is included in the PDF package.

the target partor(in the nuclei of the atmospherethen,

X, X, =5/5=4m2/(2myE)=GeV/E. Thus, x,=O(GeV/ ll. SIMULATION OF PARTICLE CASCADES

0.1E), whereE is the energy per nucleon of the incoming IN THE ATMOSPHERE

cosmic ray in the lab frame. The characteristic endtgyof We simulate the charm production process in the atmo-
the charm quark and the dominant leptonic endEgyn the  sphere and the subsequent particle cascades, by modifying
fluxes are Ej=E.=0.1E, thus x,=O(GeV/E|), as men- and combining together two different programs: the MNR
tioned above. routines[15] andPYTHIA 6.115[25].

Forx>10"° (E<10® TeV), PDFs are available from glo- The MNR program was modified to become an event gen-
bal analyses of existing data. We use four sets of PDFs. MR&rator for charm production at different heights in the atmo-
R1, MRS R2[18], and CTEQ 4M[20], incorporate most of sphere and for different energies of the incoming primary
the latest HERA data and cover the range of parton momercosmic rays. The charm quarkand antiquarksgenerated
tum fractionsx=10"° and momentum transfel®*=1.25  py this first stage of the program are then fed into a second
—2.56 Ge\t. MRS R1 and MRS Rz differ only in the value part which handles quark showering, fragmentation and the
of the strong coupling constaut; at theZ boson mass: in interactions and decays of the particles down to the final
MRS R1a¢(M2%)=0.113 and in MRS R2x((M3)=0.120. leptons. The cascade evolution is therefore followed
The former value is suggested by “deep inelastic scattering’throughout the atmosphere: the muon and neutrino fluxes at
experiments, and the latter by CER& e~ collider LEP  sea level are the final output of the process.
measurements. This difference leads to different values of In this section we give a brief description of the main

B. Choice of PDFs
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parts of the simulation. Even if our program is completelyhas a mild energy dependence througfy and A . Here
different from the one used by TIG, because it is constructedy is the spectrum-weighted moment for nucleon regenera-
around the MNR main routines, nevertheless we keep thé&on in nucleon-nucleon collisions, for which we use the val-
same modeling of the atmosphere and of the primary cosmiges in Fig. 4 of Ref{11]. And \ is the interaction thickness
ray flux as in TIG and the same treatment of particle inter-

actions and decays in the cascade. )= p(h)
Our main improvement is the inclusion of a true NLO AN(E )= ' (15)
contribution for charm productiofand updated PDFsso ; ana(E)naCh)

we keep all other assumptions of the TIG model in order to
make our results comparable to those of TIG. We study thgheren,(h) is the number density of air nuclei of atomic
effect of modifying some of their other assumptions else'weightA at heighth and oy(E) is the total inelastic cross

where[24]. section for collisions of a nucleoN with a nucleusA.* This
cross section scales essentially A&% since for the large
A. The model for the atmosphere nucleon-nucleon cross sections we deal with, the projectiles
We assume a simple isothermal model for the atmod0 not penetrate the nucleus. So we sefa(E)
sphere. Its density at vertical heighis =A"oyn(E). For oyn(E) we use the fit to the available

data in Ref[27]. Using our height independent atmospheric

X composition, we simplify Eq(15) as follows:
p(h)=7 e, ag PIY EQiS
i A Eh—<A> Y _oas (16)
where the scale heigtity=6.4 km and the column density N(Em= (AZ3y oun(E) T onn(E)”

Xo=1300 g/cnd at h=0 are chosen as in TIG, to fit the

actual density in the range 3 kai<<40 km, important for Here( ) denotes average andis the atomic mass unit, that
cosmic ray interactions. Along the vertical direction, thewe write as

amount of atmosphere traversed by a particle, the depith

related to the heightt simply by u=1660.54 mb g/crh 7
o o We therefore find that in our approximatioRg(E) is inde-
X= fh p(h")dh’=Xpe ™o, (1) pendent of height.
The atmospheric composition at the important heights is ap- C. Charm production with MNR routines
proximately constant: 78.4% nitrogen, 21.1% oxygen, and As we remarked before, the modified MNR routines are
0.5% argon with average atomic numiéy) = 14.5. the first stage of our simulation. For a given eneEpf a
primary incoming proton in the lab system, i.e., in the atmo-
B. The primary cosmic ray flux sphere reference frame, we generate a collision with a

nuclear target at rest in the atmosphere, activating the MNR

outines[primary eventpN collision, with N=(p+n)/2].
These routines generate total and differential cross sec-

tions through a VEGAS integration, which creates a large

Following TIG [11], we neglect the detailed cosmic ray ;
composition and consider all primaries to be nucleons with
energy spectrum

nucleons number of “subevents,” each one with a particular weight,
ONE, Q)| ———r which in the original MNR program are summed together to
cnT's st GeVA calculate the final cross sections.

1.7E/IGeV) 27 for E<5X10° GeV, It is easy to modify the program so that each of these
= subeventgtogether with its weightcan represent the pro-
[174(E/Ge\/)3 for E>5X10° GeV. Hbev stog Wit TS W |gb Tep P
duction of a charnt (or of acc pair, orcc gluon, etc) with
(12

The primary flux is attenuated as it penetrates into the atmo-, _ _ ) .
sphere by collisions against the air nuclei. An approximate We recall that the elastic cross section contributes negligibly to

expression for the intensity of the primary flux at a deis € Primary T:“’I( attetrr‘]“atiiné’e\cla“tstehthi_a‘;]erage elastic e“erGYd'OSS
(See Ref[ll] agail’) IS very small, less an eVv a € nigh energies we consider.

This can be seen wusing the differential elastic cross
section dog/dQ?=(dog/dQ?) gz_oexp(~bQP) with b=[7.9
+0.9Inp,]GeV 2, with pj,, in GeV [26]. HereQ is the momen-
tum transfer of the colliding proton of incoming momentyn,
and massM. The mean energy loss is the mean valueQ3f2M
(here M is the target proton mags namely, (1/2b)
Ay(E)= An(E) (14 =67 MeV[1+0.1In@g,/GeV)]. This is 46 MeV atE=100
1-Zy(E)’ GeV, and smaller at higher energies.

Pn(EX)=e XE ¢(E,0). 13

The nuclear attenuation lengthy, defined as

036005-6



PROMPT ATMOSPHERIC NEUTRINOS AND MUONS. . . PHYSICAL REVIEW D 61 036005

given kinematics in any particular reference frame of inter-Heren,(h) is the number density of nuclei of atomic num-

est. The original MNR routines can calculate single differen-ber A in the atmospherek is the energy of the primary

tial cross sections, in which the kinematics of only one finalcosmic ray protonE, the energy of the charm produced in

c quark is available, and double differential cross sections, inhe collisionpA—cY (Y here stands for anything elséJs-

which the full kinematics of thec pair (plus an additional ing the relationdo(pA—cY)/dE.=Ado(pN—cY)/dE,,

parton in NLO processgdecomes available, for each sub- the sum overA becomesZna(h)A=p(h)/u. Using dX

process. We have used both these possibilities. We will refer —p(h)dh, Eqg. (13), and normalizing to one the distribu-

to them as “single” and “double” modes. The “single” is tion in depthX, ¢, becomes

the mode we use to obtain all our results. We use the

“double” mode only to compare the results of the indepen- _ fm fm _

dent fragmentation model used in the evolution of cascades ulEy) E#dE deX¢N(E'x 0)

in the “single” mode, with the more reliable string fragmen- CXIA(E)

tation model, which can only be used in the “double” mode, ><e [f(h)AN(E)

as we explain below. An(E) u
The MNR prograni15,16| contains all BORN and NLO

processes. In the “single” mode we can generate the followWhere, from Eqgs.(14) and (16), Ay/u=2.44oyn(1

, (21)

ing processes, with only the kinematics of thquark avail- —-Zyn)] tand
able: E do(pN—cY;E,E,)
— f(h)y=2 f dE.
gg—cX; qg—cX (BORN) E, dE MNR
gg—cX; qg—cX; qg—cX (NLO), (18 dN,(c—uiEc.EyN) 22
dE/L PYTHIA
where q represents any light quark or antiquark. In the _
“double” mode we have the following processes: Here the factor of 2 accounts for the muons producea by
(only ¢ quarks are used in the program for simpligitshe
gg—cc, gg—cc (BORN) pN inclusive charm production cross section is computed

with the MNR program(here are the integrations over the
PDFs and partonic cross sectipasd the last square bracket
is the number of muons of ener@y, which reach sea level,
) ) ) ) ) produced in the cascades simulatedPlyyHIA. Each cascade
for Whl(_:h the kinematics of all the outgoing partons is fully is initiated by ac quark(in the “single” casé of energyE,
determined for each “subevent.” _ ~and momentunk (provided by the MNR routingsat a height
All the kinematical variables of the partons in the final j, -hosen through a random numtRrhomogeneously dis-
state constitute the input for the next stage of the programy.,, ;ted between 0 and 1, which gives the value of e
described in the next subsection. An important CharaCteriStiBrobability distribution in Eq.(21), namely,R=e~X/An(E),

of the first stage is that, besides,, ur, andug, We can  The cancellation of soft and collinear singularities is per-
select any desired PDF to be used with the charm productiopy med in the MNR program under the integral sign. This

routines. We have updated the set of PDFs in the originalocess requires the generation of six correlated events for
MNR program. According to the discussion of Sec. Il, We g4k randomly generated final-state configuration. In our
use the MRS R1, MRS R2, CTEQ 3M, and CTEQ 4M par-,.oqram we make sure that also the height of the event, the
ton distribution functions, together with the valuesrof, oy additional parameter of each event, is chosen to have

pr; andug in Egs. (1)—(4). _ ~one common value for all correlated events.
As a concrete example of the integrals performed in our

program, here we write the differential flwg, of muons
(namely, ofu ™ + 1) with energyE , (u stands here for *
or u”) in the “single” mode (¢, has units cm?s lgrt The partonc (or partons in the “double” cagegenerated
GeV 9 by the first stage, namely by the MNR routines, are entered
in the event list oPYTHIA and they become the starting point
% % of the cascade generation.
¢M(EM)=f dEf dhén[E, X(h)] PYTHIA first fragments the quark(in the “single” mode,

Eu 0 or all the partons in the “double” modento hadrons, after

showering, which can be optionally shut off. The charm

gg—ccyg; gg—ccg; qg—ceq (NLO)  (19)

D. Cascade evolution withPYTHIA routines

do(pA—cY;E,E.)

%3 nah [ aE,
A Ell-

dE, . quarks hadronize int®°, D° D=, Dg, andA.. We used
here the Peterson fragmentation function option. For each
dN,(c—u;E¢,E, D) — hadron produced, a simple routine addedYoHIA decides
X dE +(c—0). if the hadron interacts in the atmosphdtesing some en-
K PYTHIA ergy) or decays. This is the same approach as in PNFHIA

(20 follows in this way the cascade in the atmosphere and popu-
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lates the histograms of muons and neutrinos as a function @fL5), and(16)].The only difference compared to T[Gee Eqg.

their different energies. We mention here a few important(15) in the last paper of Ref.11]] is the inclusion of the
technical details. The “single” and “double” modes de- (1—Zy,) correction term. This was done because we could
scribed before use different fragmentation models. In thenot include regenerated protons directly in our simulation of
“single” mode only onec quark is available and is entered the cascades, since events and subevents are now created by
at the beginning of the event ligtvith its energy and mo- the MNR routines and not byyTHIA, as it was in TIG.

mentum in the partonic center of mass reference fjatme When parton showering is included at the beginning of
this casePYTHIA uses the “independent fragmentation” the cascade simulation performed ByTHIA, some double
model (see Ref[25] for detailg. We only includec quarks  counting is present. The double counting appears when a LO

and at the_end multlply the result by a factor of 2 to aCCOUnHiagram, for exampleg g— CE with a Subsequent Sp“tung
for initial ¢ quarks. contained irPYTHIA, for examplec—gc is summed to NLO

In the “double” mode_,instead, which we only use at the diagram,gg—>gc€with the same topology, as if both dia-
LO, we start with two ¢c) partons in the event list. In this gram were independent, when actually the NLO contains the
case we opt to use the “string fragmentation” modlelnd  first contribution when the intermediat® quark on mass
model[25]). This model generally gives better results thanshell. We have not tried to correct this double counting but
the independent fragmentation, in which energy and momerhave instead confronted the results obtained including show-
tum conservation have to be imposegosterioriand whose ering (our standard optionwith those excluding showering
results depend on the reference frame used, which empir{in which case there is no double countirand found very
cally is chosen to be the partonic c.m. frame. To imposesimilar leptonic fluxegsee Fig. €)].
energy and momentum conservation in the independent frag- The particles generated after the initial hadronization are
mentation, we used the optigMSTJ3)=1, see agaif25]]  then followed throughout the atmosphere aRGTHIA
in which particles share momentum imbalance compensatiogy|ves the cascade with the same treatment of interactions
according to their energyroughly equivalent to boosting 4nq decays proposed by TIG. The final number of muons and
events to the c.m. framébut we have convinced ourselves o rinos at sea level is therefore calculated considering all
that the results do not depend much on the way of imposing. .« bevents ” each with its respective weight from
energy andfor momentum conservation, because trial "UNRe MNR program, which produce the final particles through
with different options have given similar results for the : . .
fl all the possible decay channels of charmed particles decaying

uxes. . )
into prompt leptons. Since only the decay modes of charmed

Even if independent fragmentation is in general less deh q o left in the si
sirable than string fragmentation, we use the “single” modeadrons going intqw or v, or ve are left open in the simu-

as our main choice. The main reason to use the “single”lation' and there are essentizilly JHSt 2 mod_es for_ each
mode is that the simulations run in acceptably short titaes charmed particléfor example+,D —€ ve+anything, with
few days on the SUN computers we use, while giving re- Pranching  ratie-0.172; D" —u" v, +anything,  with
sults practically identical to the “double” mode in the com- Pranching ratie-0.172; all other channels closedthe
parisons we have madsee Fig. 6)]. The simulation of the branching ratios for each of these modes is fictitiously Faken
cascades in the “double” mode takes between five and te§Y PYTHIA to be 1/2 and need to be normalized by multiply-
times longer. We tested the goodness of the independefftd Py the actual branching ratio (0.172 for the example
fragmentation by comparing the outcome of fluxes compute@bove and dividing by 1/2. Besides, since not all events are
at the Born level, in which the charm fluxes at production aré2cCepted byYTHIA to generate a complete cascade, the re-

identical (we put onec in the atmosphere and multiply the Sult is normalized by dividing by the sum of all the weights
outcome by 2 to account for tfwin one case. and we pu? of accepted events and multiplying it by the tatahclusive

in the atmosphere, instead, in the second kasd the sole cross section.
difference in both modes is due to the different fragmenta-
tion models used. The results were extremely cl@eBorn
level the difference is less than 5%, at energies above 10 To summarize, our computation of the final fluxes is or-
GeV), as can be seen in Fig(d. ganized as follows.

Apart from the mentioned differences between the An external loop over the primary ener@ygenerates an
“single” and “double” modes, the simulations then proceed integration overE in the range 18- 10" GeV.
basically in the same way in both modes. For each of the For each primary energl, the MNR routines generate
“subevents,” i.e., for each set of initial partt) put in the  “subevents” with weightW;, for all the LO and NLO pro-
event list, a certain height in the atmosphere is randomlygesses.
chosen as explained above, this being the position at which Each subevent is assigned a random heightthat im-
the partons are generated from the initial proton-nucleon colplicitly an integration overh is performed and all this is
lision. This random heightt is generated in a way similar to passed t®YTHIA as a definite set of part¢s) to be put at the
TIG (see Ref[11]), but different, because we include a cor- beginning of the event list.
rection for nucleon regeneration in nucleon-nucleon colli- For each of these “subeventspYTHIA treats showering
sions by usingAy, the nuclear attenuation length, in Eq. (in our standard option hadronization and evolution of the
(13) instead of\y, the interaction thicknegsee Eqs(14),  cascade in the atmosphere, and generates the final leptons.

E. Summary
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10° R2 cross sections, which are very close to each other. The
______ %gg gé MRS R1 becomes on the contrary progressively lower than
108 77777 CTRQ 4M . the other three.
T We see in Fig. @) that for energies above 1@eV our
= oty o T 2 T E cross sections are considerably higher than the one used by
£E P i TIG. This difference can be traced in part to the use by TIG
! _ of an option ofPYTHIA by which the gluon PDF is extrapo-
° 10-t ] lated tox<10"* with A =0.08, while all the PDFs we use
have a higher value 0f=0.2-0.3. And in part to TIG scal-
10-2 _; ing the LO cross sections obtained withTHIA by a constant
a)§ K factor of 2, while at large energies tiefactor is actually
10-3 larger than 2 by about 10-15 féee Fig. 4b)].
2 3 4 5 6 7 8 9 10 U In Fig. 4(b) we explicitly show theK factor forc produc-
g A\\'lllllllb) tion, namely, the ratio between the NLO and Born cross
SO E sectionsK = oc/a =" for our PDFs and for TIG. All the
T F K. values are around the usually cited value of 2 for most of
ok the intermediate energies, but are larger at the lowest ener-
BB e e 3 gies and also at the highest enerdiescept for CTEQ 3N\,

2 3 4 9 10 11 and they all are within about 15% of each other.

Figure 5 contains three sets of figures, one for each lep-

FIG. 4. (a) Total cross sections for charm productiogg up to t03n: m, vy, andve. The left figure of each set shows the
NLO, for different PDFs, compared to the one used in the TIGE’-weighted vertical prompt fluxes, for all our PDFs up to

model[11] (for MRS R1 we also show the Born cross sectigh) ~ NLO (labeled NLQ and, as an example, the L(abeled
RelatedK ;. factors. BORN) for MRS R1, together with the total fluxes up to

NLO of TIG, both from prompt and conventional sources
n(é]lotted lineg. The right part of each set shows the corre-
SpondingK, value (wherel = u,v,, ,v,), i.e., the ratio of the
total NLO flux to the Born flux of the figure on the left. The
figures show that our fluxes are higher than those of TIG for
E>10° GeV. Leaving apart differences in the two simula-
) _ _ ) tions that cannot be easily quantified, this discrepancy can
Figures 4—6 show the results of our simulations. Figure 45ygely be explained by the different cross sections used by
shows the total inclusive charm-anticharm production cross |G and us: the TIG cross section is lower than oursBor
sectionso ., and theK factor for c production, namely, the ~10# Gev. Using a value ok similar to TIG (\=0) at
ratlc')\chE)et\éveen the NLO and Born cross section&  smallx, we obtain fluxes similar to those of TIG at energies
=0, loc, for the four PDFs we consider and for TIG. above 16 GeV [24].
Figure 5 shows our main results obtained with our default In particular, our fluxes are all larger than TIG by factors
choice of options: a “single” mode calculation including the of 3 to 10 at the highest energies, what puts our fluxes in the
contributions from all processes in E@.8) and with parton  bulk-part of previous estimatdsee Refs[12—-14,4). There
showering included in the cascade simulation performed bys an evident dependence of the fluxes on the choice of PDF.
PYTHIA. Finally Fig. 6 shows the relative importance of the It is remarkable that MRS R2 and CTEQ 4M give very simi-
processes included in the fluxes and a comparison of thiar results. Those of the MRS R1 become lower and those of
“single” and “double” modes and of the “on” and “off”  the older CTEQ 3M PDF become higher as the energy in-
showering options. creasegboth differing by about 30-50 % at the highest en-
In Fig. 4(a), the total inclusive charm-anticharm produc- ergies with respect to the MRS R2-CTEQ 4M fluxeEhis is
tion cross sectionsr;; are plotted over the energy range due to the intrinsic differences of the PDF packages used and
needed by our progrank=<10' GeV, for our four different the consequent different extrapolated values Gt smallx
PDFs. They were calculated using the MNR program, withor high energies.
the “calibration” described in Sec. Il, up to the NLO con-  The CTEQ 3M fluxes were included to compare our re-
tribution. For comparison, we also show the cross sectiorsults with those of Refl17]. We find our CTEQ 3M results
used by TIG and the BorfLO) contribution for one of the to be close to those of RdfL7], in spite of the very different
PDFs, MRS R1. We see in the figure that all our cross secapproaches used in the two calculations. Our fluxes lie be-
tions agree at low energies, as expected due to our “calibraween the two curves for CTEQ 3M shown in Fig. 8 of Ref.
tion” at 250 GeV, and are very similar for energies up to[17], corresponding to different choices of renormalization
10°—10’ GeV. At higher energies they diverge, differing by and factorization scales. Our fluxes are lowi®y 30—40 % at
at most 50% at the highest energy we usé!GeV. In fact, 10’ GeV), than the main CTEQ 3M choice of R{fl7]
at energies beyond 10GeV, the CTEQ 3M cross section (solid line of their Fig. 8, which is calculated using values of
becomes progressively larger than the CTEQ 4M and MRS, ug, andm, similar to ours. Our cross section for charm

5 6 7 8
log,,(E/GeV)

For each decay channel of interest, the produced lepto
are weighted withV; and then summed into the final fluxes.

IV. NEUTRINO AND MUON FLUXES
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FIG. 5. E3-weighted vertical prompt fluxes, for different PDFs, at Nifor MRS R1 we also show the Born flyxfor the three types
of leptons considered, compared to the TIA] conventional and prompt fluxdkeft figure9 and the related, factors for each casgight
figures.

production, for the CTEQ 3M case, is essentially equal to thexpected, since the leptons of a given energy result from
one used in Ref.17] (shown in their Fig. 2 so the discrep- quarks with a range of higher energies.
ancies in the final fluxes are to be explained in terms of the TheK, factors are all within the range 2.1-2.5: they are
differences in the cascade treatment. It is very difficult toapproximately 2.2 for MRS R1, 2.4 for MRS R2 and CTEQ
trace the reasons for these differences. 4M, and 2.3 for CTEQ 3M. Thus, our analysis shows that
We also see in the figures that, for each PDF, the fluxe§valuating the lepton fluxes only at the Born level, and mul-
for the different leptons are very similar: those figf neu-  tiplying them by an overalk, factor of about 2.2—-2.4i.e.,
trinos andw, are essentially the same, those for muons ard0 to 20 % larger than the value of 2 used by HiGan be
only slightly lower (about 10% less at the energies of inter-9ood enough to evaluate the NLO fluxes within about 10%.
es). Also theK,’s do not differ much for the three leptons, Thus we find the approach used by TIG, who multiplied the
apart from some unphysical fluctuations especially evident at
the highest energies. Even if they differ, for the various
PDFs, they all show a similar energy dependence, namelywe note that in the original TIG model there is no distinction
they increase at low energies and sometimes at high energigstweenk . andK; factors since only the Born level is considered.
also. This behavior is also similar to that of theg factors in  Their K=2 factor is just a multiplicative constant which can be
Fig. 4(b), but with a weaker overall energy dependence, agonsidered either K, or akK;.
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FIG. 6. (a) Contributions of
the different Born and NLO pro-
cesses to the totaE3-weighted
vertical prompt fluxes(b) Com-
parison of the fluxes with or with-
out the showering option, at Born

- and NLO. (c) Comparison of the
L QOQ' """""" NO ShOW. — fluxes calculated in the “single”
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LO fluxes obtained withPYTHIA by 2, essentially correct, between our final results and those of TIG depend mostly on
except for their relatively lovK factor and the discrepancies the different total inclusivec cross sections, which can be
existing even at Born level between our fluxes and those ofraced to the extrapolation of the gluon PDF at smakther
TIG. In fact, as we mentioned previously, the differencesthan to theK factor. Possible causes of the different results

036005-11



GELMINI, GONDOLO, AND VARIESCHI PHYSICAL REVIEW D61 036005

due to the intrinsic differences of the computer simulations‘double” modes of the program, for just one PDF, MRS R1,

cannot be easily quantified. at Born level. At this level, the calculation of the charm flux
In Fig. 6 we address three issues. First, we show that that production is identicajlwe obtain the fluxes fronc and

fluxes can be obtained within about 30% with jUSt the gluon-rnu|t|p|y by two at the end to account for t}'E"'] one case,

gluon Process. This would speed up the simulation_s andand we obtain the fluxes directly frooc in the othey. So,
wh_en using the MNR program, would gl\(eont_rary 0N \whatis actually compared in the two modes at the Born level
tition) higher fluxes than those actually derived fro_m al! is the fragmentation model: independent fragmentation in the
Processes. Secor)dly, we sh_ow .that thg fluxe_s obtained Ir“"single” mode and string (Lund) fragmentation in the
cluding or gxcludlng shower'lnglln the simulation ”.‘ade by“double” mode. The results from both modes at the Born
ﬁgﬂﬁfé\;\/ziéﬁ]li%ozlaersljh'?xv:rtlr?i? dlrilsgﬂresvtvaen?jaeﬁ SvFi)ttrzbidssthe level are almost identical: as already remarked the difference
difference between the “single” and “double” modes de- s less than 5% for energies above 1BeV.
scribed in Sec. lll. We _show.tha_lt at I__O the results from a V. CONCLUSIONS
“double” mode calculation coincide with those of the much
shorter “single” mode, that we use in all our calculations. We have used the actual next-to-leading order perturba-
Let us deal with these three issues in turn. tive QCD calculations of charm production cross sections,
In Fig. 6(@) we show, for a given PDF, the MRS R1, the together with a full simulation of the atmospheric cascades,
relative importance of the different processes contributing tdo obtain the vertical prompt fluxes of neutrinos and muons.
the final fluxes. The solid line is the total flux obtained as theOur treatment is similar to the one used by TIG, except for
sum of all the processes of Ed.8) and the dotted line shows the very important difference of including the true NLO con-
the result of only gluon-gluon fusiorg@), the sum of Born tribution, while TIG used the LO charm production cross
(99), and pure NLO(excluding Born gg processes. Also section multiplied by a constait factor of 2 to bring it in
shown are the separate contributions only at the Born and dine with the next-to-leading order values. The main goal of
the NLO (excluding LO of both gg and quark-antiquark this paper is to examine the validity of TIG’s procedure by

(qa) fusion, what clearly shows thatg dominates. This is computing the. ratio of the fI.uxes obtained with the NLQ
to be expected because the gluon PDF is either much Iargéharm productlon.cross section versus those obtained with
than(for x<0.1) or comparable tffor x=((0.1)] the quark  the LO cross section.

PDFs. The figure plots the absolute value of the quark-gluon 1hese ratios, th&, factors are between 2.1 and 2.5 for
(qg) terms because, for the values of the factorization scaléhe different gluon PDFs in the energy range fron% 1010

that we employ in our calculations, these terms are negativé>€V (see Fig. 5. Consequently, our analysis shows that
This is due to the way the original MNR calculation is sub- evaluating the lepton fluxes only at the Born level, and mul-
divided into processes. In fact, in the MNR program, a partuplylng them by an overall factor of about 2.2—2.4, slightly
of the quark-gluon contribution to the cross sections is aldeépendent on the PDF, can be good enough to evaluate the
ready contained in other processes, and must be subtracted O fluxes within about 10%. Therefore, we find the ap-
the processes labeled @ag. The amount subtracted depends Proach used by TiGi.e., multiplying the LO fluxes by P

on the factorization scalgr and may drive theyg contri- essel_”mally correct, except for their relatively Id_ﬂvfactor.
bution negative. Roughly speaking, jf is small theqg We find different lepton fluxes than TIG, but this is mostly

term is positive, otherwisés in our casethe term is nega- due to the discrepancies, even at Born level, between our

tive. The absolute value of thegg term is in between thqa charm production cross sections and TIG's.

d th A hat mak tive th £ all th In fact, the prompt neutrino and muon fluxes found by
an €gg terms, what makes negauve the sum ot all e, 4y ara |ower than the lowest previous prediction. We find
processes different frongg. Thus, gluon-gluon processes

) . here instead fluxes in the bulk part of those previous predic-
gl(;)o;]oe give a result slightly larger than the total, by abouttions. This difference can be traced largely to the use by TIG

In Fig. 6(b) we check the effect of shutting off the show- of an option ofPYTHIA by which the gluon PDF is extrapo-

. i ; . - lated forx=<10 * with A=0.08, while all the PDFs in this
ering option available irYTHIA. We study only one specific aper have a higher value bf=0.2—0.3. Using a value of
case, the MRS R1. The overall effect is minimal: the eXCIu'pirrF])ilar to TIG ()?:0) we obtaiﬁ ﬂux'es' simil%r to those of
sion of showering slightly increases the energy of the pare

charmed hadrons and therefore causes the final fluxes of Iep—IG’ at energies above 1@eV [24].
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