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PHYSICAL REVIEW D, VOLUME 61, 056011

Prompt atmospheric neutrinos and muons: Dependence on the gluon distribution function

Graciela Gelmiri
Department of Physics and Astronomy, UCLA (University of California, Los Angeles), 405 Hilgard Avenue,
Los Angeles, California 90095

Paolo Gondold
Max-Planck-Institut fu Physik (Werner-Heisenberg-Institut), Fionger Ring 6, 80805 Machen, Germany

Gabriele Variescfii
Department of Physics and Astronomy, UCLA (University of California, Los Angeles), 405 Hilgard Avenue,
Los Angeles, California 90095
(Received 18 May 1999; published 11 February 2000

We compute the next-to-leading order QCD predictions for the vertical flux of atmospheric muons and
neutrinos from decays of charmed particles, for different PDMRS-R1, MRS-R2, CTEQ-4M and MRST
and different extrapolations of these at a small partonic momentum fractidie find that the predicted fluxes
vary up to almost two orders of magnitude at the largest energies studied, depending on the chosen extrapo-
lation of the PDF’s. We show that the spectral index of the atmospheric leptonic fluxes depends linearly on the
slope of the gluon distribution function at very smallThis suggests the possibility of obtaining some bounds
on this slope in “neutrino telescopes,” at valuesxafiot reachable at colliders, provided the spectral index of
atmospheric leptonic fluxes could be determined.

PACS numbd(s): 96.40.Tv, 12.38.Bx, 13.85.Tp

[. INTRODUCTION atmospheric fluxes based on PQCD, performed by Thunman,
The flux of atmospheric neutrinos and muons at very hignhngelman, and Gondol¢TIG) a few years ago in Ref6].
energies, above 1 TeV, originates primarily from semilep-TIG used the LO charm production cross section computed
tonic decays of charmed particles instead of pions and kaonby PYTHIA, multiplied by a constank factor of 2 to bring it
which are the dominant decay modes at lower ener@ges in line with the NLO values, and supplemented by parton
for example[1]). This flux is one of the most important shower evolution and hadronization according to the Lund
backgrounds for “neutrino telescopes,” limiting their sensi- model.

tivity to astrophysical signals, especially for future kore- In GGV1 we found theK factors for different parton dis-
tectors which might be able to observe neutrinos and muonsibution functions(PDF’s), as function of energy, to be in a
at extremely high energies, even up td4@eV. range between 2.1 and 2.5. A similar analysis was recently

We use perturbative QCOPQCD), the theoretically pre- made in Pasquali, Reno, and Sarcdvit(PRS, with results
ferred model, to compute the charm production. We perforntompatible with ours, using a treatment of the problem
a true next-to-leading ordgiNLO) PQCD analysis of the complementary to ours. In fact, PRS used approximate ana-
production of charmed particles in the atmosphere, togethdytic solutions to the cascade equations in the atmosphere,
with a full simulation of the particle cascades down to thealso introduced by TIG, while we make instead a full simu-
final muons and neutrinos. This is done by combining thdation of the cascades.

NLO PQCD calculations of charm production and computer In GGV1 we showed that the approach used by Til&.
routines of Mangano, Nason, and Riddl,3] (MNR) with multiplying the LO fluxes by an overaK factor of 2 was
the computer simulations of the cascades generated lBssentially correct, except for their relative Idfv factor
PYTHIA [4]. These are the same programs currently used té¢sinceK values of 2.2—2.4, depending slightly on the PDF,
compare PQCD predictions with experimental data in accelprovide estimates of the NLO within about 1p%lowever,
erator experiments. while TIG found neutrino and muon fluxes lower than the

We have already presented results of our calculations in bowest previous estimate, we found instead larger flukgs
previous papef5] [Gelmini-Gondolo-VarieschiGGV1)], in  factors of 3 to 10 at the highest energies, abodt BeV), in
which all the details of the program we use can be foundthe bulk part of previous predictions. The main reason for
The main goal of our first paper was to compare the fluxeshis difference is studied in this paper.
obtained with the NLO and the leading ord&O) calcula- Here we explore the dependence of the atmospheric fluxes
tions; i.e., we computed thKE factor for the neutrino and on the extrapolation of the gluon PDF at very small partonic
muon fluxes. This was done to improve on the first study ofmomentum fractionx, x<10 °, which is crucial for the

fluxes at high energies. As explained below, the relevant mo-
mentum fractiorx of the interacting atmospheric parton is of

*Email address: gelmini@physics.ucla.edu the order of the inverse of the leptonic energy (in the
"Email address: gondolo@mppmu.mpg.de atmospheric rest framen GeV. This energy, in turn, is of
*Email address: variesch@physics.ucla.edu the order of 0.1E, whereE is the energy per nucleon of the
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incoming cosmic ray in the lab framghe atmospheric rest m., so changes in the three variables can be played against

frame. Thus, forE;=10° GeV, we need the PDF’'s at  each other to obtain practically the same results. We use just

=10 3, values ofx which are not reached experimentally. one such choice for each PDF. We intend to further study the

The final fluxes depend mostly on the gluon PDF, since thisincertainty related to this range of possible choices in the

is by far the dominant one at these smallalues and charm future.

is mostly produced through gluon-gluon fusion processes.  As in GGV1, here we use the PDF's Martin-Roberts-
A concern that has been expressed to us several times $irling (MRS) set R1, R412] and CTEQ 4M13], with the

the applicability of the MNR NLO-PQCD calculations, following parameters. We choosgr=m;, wug=2my for

mostly done for accelerator physics, to the different kine-all sets, wheren; is the transverse mags; = */kT2+ mcz, and

matic domain of cosmic rays. In response we remark that, for

the less steep extrapolations of the gluon structure function m.=1.185 GeV for MRS R1, (1)
g(x) that we use at sma¥, we have large logarithms, known
as “In(1/x)" terms, wherex=./4mZ/s, s is the hadronic m.=1.31 GeV for MRS R2, @

center of mass squared energy and fisthe average value
of the hadron energy fraction needed to producectheair.

With the extrapolatiorg(x)=x""* (see belowand\ close The data we use for this “calibration” of the MNR pro-
to 0.5, and possibly for the intermediate choices\0&lso,  gram are shown in Table 1 and Table 2 of GGV1. In this
there should be no large logarithm. The problem arisea for paper, we add to our list of PDF's the latest of the MRS set,

too close to zero. We will attempt to deal with this problem the MRS-ThorngMRST) [14], with charm mass
in future work. Moreover, contrary to the case in accelera-

tors, we do not have the uncertainty present in the differen- m.=1.25 GeV for MRST, 4
tial cross sectionf3] whenky is much larger tham,, due ) _
to the presence of large logarithms dé2¢-m?)/m?. Be- obtained with the same procedure used for the other PDF's.
cause we do not have here a forward cut in acceptance, the AS we will see clearly in Sec. V, due to the steep decrease
characteristic transverse charm momentum in our simulaWith increasing energy of the incoming flux of cosmic rays,
tions is of the order of the charm masgs=0(m,). only the most energe.tlc charm quarks produced count, and
In this paper, as in GGV1, the MNR program is used tof[hese come from_the interactions c_>f projectile partons carry-
compute the inclusive charm cross section and the cascaddd @ large fraction of the incoming nucleon momentum.
simulated byPyTHIA are initiated by a single quark. Thisis ~ 1hus, the characteristicof Ehle projectile parton, that we call
the “single” mode described in our previous paper GGV1,X1 IS large. Itisx;=0(10""). We can, then, immediately
where we argued its advantages. We explained there our ndfnderstand that very small partonic momentum fractions are
malization of the NLO charm production cross sections in"€eded in our calculation, because typical partonic center of
the MNR program, and described in detail the computemass energieS\/; are close to thecc threshold, 2n;
simulations used to calculate the neutrino and muon fluxes=2 GeV (since the differential cross section decreases with

which we briefly review in Secs. Il and Ill. Except for the increasings) while the total center of mass energy squared is
inclusion of the NLO calculations our model closely follows s=2m,E (with my the nucleon massny=1 GeV). Calling

TlG In SeC IV we show the .neutrino and muon fluxes We)(2 the momentum fraction of the target partﬁn a nucleus
obtain for different lowx behaviors of the gluon PDF and we . o atmosphee then  x;x,=5/s=4m2/(2myE)

compare them with the TIG fluxes. In Sec. V, we give ana-_ sov//E. Thus. x ~0(GeV/0.1E), whereE is the energy
- . s Rp— . y

lytic arguments that explain and support our results. . : ! :
yt Finagljly as in GGVl(znd TG Wech:)nsider only vertical per nucleon of the incoming cosmic ray in the lab frame. The
y ' characteristic energi. of the charm quark and the domi-

showers for simplicity. We intend to study those from all nant leptonic energ§, in the fluxes are,~E,~0.1E, thus

directions in the future. x,=O(GeV/E,). Namelyx,~10 5,10 7 at E,~1,10 PeV.
For x>10"° (E<10® TeV), PDF’s are available from
global analyses of existing data. We use four sets of PDF'’s.
. CHAARN'\S Eﬁg?ggg‘gg;’;‘,g‘?w Three of these, MRS R1, MRS R22] and CTEQ 4M[13]
(used also in GGV incorporate most of the latest DESY

Our NLO calculation is based on the MNR computer €p collider HERA data and cover the range of parton mo-
code. The NLO cross section for charm production dependgientum fractionsx=10"° and momentum transfer?
on the choice of the parton distribution functions and on=1.25—-2.56 GeV. MRS R1 and MRS R2 differ only in the
three parameters: the charm quark mass the renormal-  value of the strong coupling constan{ at the Z boson mass:
ization scaleug, and the factorization scajer . In orderto  in MRS R1 ay(M2)=0.113, and in MRS R2ay(M3)
calibrate the charm production routines we fit the most recent0.120. The former value is suggested by “deep inelastic
experimental datda8—11] (differential and total cross sec- scattering” experiments, and the latter by LEP measure-
tions) with one and the same combinationmf, wg, and ments. This difference leads to different values of the PDF
ue, for each PDF we usésee[5] for complete details  parameters at the reference momentQ§= 1.25 GeV,
Several choices aih,, wg andur may work equally well.  where the QCD evolution of the MRS R1 and R2 PDF's is
In fact the cross sections increase by decreaging ug or  started. The CTEQ 4M is the standard choice in the modified

m.=1.27 GeV for CTEQ 4M. 3)
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minimal subtraction schema@S) scheme in the most recent two different programs: the MNR routing8] and PYTHIA
group of PDF'’s from the CTEQ groujs(M2)=0.116 for 6.115[4]. .

CTEQ 4M]. In this paper we also use the very recent MRST  1"€ MNR program was modified to become an event gen-
[14]. This new PDF set includes all the latest experimentafator for charm production at different heights in the atmo-
measurements that have become available and, for the firfsphere and for different energies of the incoming primary
time, an investigation of the uncertainty in the gluon distri- €0SMIC rays. _ o
bution function. We will use the main choice of the MRST _ The charm quarkgand antiquarksgenerated by this first
set, the “central gluon” MRST, the central value of the stage of the program are then fed into a second part which
gluon PDF’s of the package, which is considered the OIoﬁ_handles quark showering, fragmentation and the interactions

mum global choice of this new set. The rangeQif andx of and decays of the particles down to the final leptons. The
MRST set is the same as for the older MRS R1-Re ( cascade evolution is therefore followed throughout the atmo-

=105 andQ?>1.25 Ge\?), and a(M2)=0.1175. sphere: the muon and neutrino fluxes at sea level are the final
output of the process.
In order to make our results comparable to those of TIG,
we keep the same modeling of the atmosphere and of the

Forx<1, all these PDF’s go as

2\~ Ay Ni(Q? ; ] .
xfi(x, Q%) =Ax M), ©) primary cosmic ray flux as in TIG and the same treatment of
. particle interactions and decays in the cascade.
wherei denotes valence quarks ,d,, sea quarks or glu- We recall however that our main improvements are the

onsg. The PDF's we used hav)eS(Qﬁ)q&)\g(Qé), in con- inclusion of a true NLO contribution for charm production,
trast to older sets of PDF’s which assumed an equalityx As the use of updated PDF'’s and, in this second paper, the dif-
decreases the density of gluons grows rapidlyxAt0.3 itis  ferent extrapolations used for the gluon PDF at baw

comparable to the quark densities but,xadecreases it in- In the rest of this section we review briefly the model for
creasingly dominates over them. Quark densities becomthe atmosphere and the primary flux used in this study,
negligible atx<10"3, which is the same of GGV1 and was introduced originally by

The PDF's need to be extrapolated #<10°° (E  TIG.
=10° TeV). Extrapolations based on Regge analysis usu- We assume a simple isothermal model for the atmo-
ally proposexg(x)~x~* with A=0.08[15], while evolution  sphere. Its density at vertical heights
equations used to resum the large logarithrgs (1/x) men-
tioned before, such as the Balitskfiadin-Kuraev-Lipatov X
(BFKL) [16] method, find alsoxg(x)~x"*, but with X p(h):h—oe*h’hO, (6)
=0.5. 0

In this work we use extrapolations with different values of
. For the older MRS R1-R2 and CTEQ 4M we considerwith the parameters, scale heighg=6.4 km and column
only the two extreme behaviors and the intermediate one thafensityX,= 1300 g/cnmi ath=0, chosen as in TIG to fit the
we used in GGVI1, namely(i) a constant extrapolation actual density in the range 3 krh<40 km, important for
\g(Q?)=0 for x=<10"%; (ii) a linear extrapolation of Ig(X)  cosmic ray interactions. Along the vertical direction, the

as a function of I Ing(¥)=—M\g(Q*)+1)Inx+INA;,  amount of atmosphere traversed by a particle, the dépig
where)(Q?) is taken atx=10"">, the smallesk for which  related to the height simply by

the PDF's are providefwe call \(R1), A(R2) orA(4M)

the \'s so obtainedi (iii) an extrapolation with)\g(Qz) .

=0.5 fpr X< '10*.5._ Cases(i) and (iii) are gxtreme choic_es X:f p(h")dh' =Xeho, @
theoretically justified befor¢l5], while (ii) is somewhat in h

between, with a resulting=0.2-0.3.

For the new MRST we have included several valueks of The at heri it tthe i tant heiahts |
in order to test the dependence on this parameter in a more € atmospheric composition at the important REIgnts 1S ap-

: : : . . i ly constant: 78.4% nitrogen, 21.1% oxygen and
complete way: (i) extrapolations with different\’s, i.e. proximately X nrogen, Y9
xg(QpZ)=o,o.1)fo(.%,o.3,o.2,o.5 fax=<10°5; (ii) we also in- 0-5% argon with average atomic numigén =14.5.
cluded the linear extrapolation of §ix) as a function of Irx, corio!?s\;\tlilgg ;r:g (Eg]r;s\ilgjeern;llgIeﬁ%ﬁ?egféagzdnﬁglsengﬁs r\?v)i/th
similar to the second intermediate choice of the previous "Sténerp spectrum P
we will call \(T) the \ obtained in this way. gy sp

IIl. SIMULATION OF PARTICLE CASCADES on(E,0)

IN THE ATMOSPHERE cn’s srGeV /

nucleons J

In this section we briefly describe the computer simula-
tion used to calculate the neutrinos and muons fluxes; a more =¢poE" 71
detailed description can be found in GGYE]. The charm 27
production process in the atmosphere and the particle cas- 1.7E/GeV) for E<5 1C° GeV,
cades are simulated by modifying and combining together 174E/GeV) 2  for E>5 10 GeV.

®
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The primary flux is attenuated as it penetrates into the 103 g
atmosphere by collisions against the air nuclei. An approxi- ;e =
mate expression for the intensity of the primary flux at a _ l a3 e :
depthX is (see[6] again g 10 e 3
~ a2 T -
SN(EX)=e 7N $y(E,0). ©) & 101 MRS RL {(A=0, A(R1), 0.5) 3
) e - E A —— MRS R2 (A=0, A(R2), 0.5) G
The nuclear attenuation lengthy, defined as 10-2 — — — CTEQ 4M (A=0, A(4M), 0.5)
10-3 i
AN(E)=M, (10) 2 3 4 5 6 7 8 9 10 {1
1-Zyn(E) log,(E/GeV)
has a mild energy dependence througl and Zyy., the _ 10? MRST (A=0-0.5)
spectrum-weighted moment for nucleon regeneration in 102 MRST (A=A(T))
nucleon-nucleon collisions. We use thgy values in Fig. 4 5 o -
of Ref.[6]. The interaction thicknessy is E . 3
h o 101 E
a(Em-—L a CE
> onaE)na(h) 10y E
A 10-3 i
2 3 4 5 8 7 8 9 10 11
wheren,(h) is the number density of air nuclei of atomic log,,(E/GeV)
weight A at heighth and oy 5(E) is the total inelastic cross _ _
section for collisions of a nucleoN with a nucleusA. This FIG. 1. Total cross section for charm productiog;, up to

cross section scales essentially ad??, ona(E) NLO, for our different PDF’s and. values, compared to that used
=A2’30NN(E). For oyn(E) We use the fit to the available by TIG [6]. Top pa}nelz MRS R1-R2 and CTEQ 4M; bottom panel:
data in Ref[17]. Using our height independent atmospheric MRST (cross sections increase wik).

composition, we simplify Eq(11) as follows, dependence on the value and also a slight dependence on

(A) u u the PDF used, which was already noticed in GGV1. As it can
M(Eh)= ey = 24— —. (12) be seen from both parts of the figure, the increase of the
(A% onn(E) onn(E) cross sections with is evident at the highest energies: at the

. . . maximum energy considered the cross sections for the two
Here<.> denotes average and u is the atomic mass unit, thayireme values ok differ by almost a factor of ten.
we write as We also notice that, for energies above* 18eV, our
_ cross sections are always considerably higher than the one
u=1660.54 mb g/crh (13 used by TIG. As we have already explained in GGV1, TIG
Therefore in our approximationsy(E) is independent of Used an option oPYTHIA by which the gluon PDF is ex-
height. trapolated forx<10~* with A=0.08. In fact the TIG cross
section at the highest energies shows the same slope of our
results forA=0, but is always lower than our lowest cross
sections by about a factor of three.

We present here the results of our simulations with all the This can be explained only in part by the fact that the TIG
PDF’s and the values of described in Sec. Il. cross section up to NLO is the LO result obtained with
The NLO total inclusive charm-anticharm production PYTHIA, multiplied by a constarK factor of 2, while at large

cross sections ¢ for our four different PDF’s are shown in energies th& factor(see GGV1 for detai)sis actually larger

Fig. 1 over the energy range needed by our progrEm, than 2 by about 10—15 %. The bulk of the difference is how-

<10' GeV. In the top part of the figure we compare theever due to the different evaluations of the cross sections,

results of MRS R1-R2 and CTEQ 4Mwith their different even at LO, done by the MNR routingsur methodl and

values of\ described befoneto the cross section used in the directly by PYTHIA (approach used by TIG

TIG model. In the bottom part we show the same compari- Our results for the prompt fluxes are shown in Figs. 2-5,

son, done just with the new MRST, with its differexis (in ~ for MRS R1-R2, CTEQ 4M and MRST.

all these figures cross sections increase for increasing values In Figs. 2 and 3 we show tHe’-weighted vertical prompt

of \). fluxes E,3¢>, , calculated to NLO, for muons and muon-
All these cross sections were calculated using the MNRheutrinos, together with the fluxes from TIG, both from

program, with the “calibration” described in Sec. Il, up to prompt and conventional sourcédotted lines. The flux of

the NLO contribution. We can see in the figure that all ourelectron-neutrinos is practically the same as that of muon-

cross sections agree at low energies, as expected due to m#utrinos. Figure 4 describes the spectral index of the differ-

“calibration” at 250 GeV, and are very similar for energies ential fluxes, defined as;= —dIn ¢ /dInE;,.

up to 16 GeV. Beyond this energy they start showing their  The effects of the different extrapolations gfx) to x

IV. NEUTRINO AND MUON FLUXES
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conventional .
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3 4 5 6 7 8
log,,(E,/GeV)

2 9

FIG. 2. Prompt muonsE3-weighted vertical fluxes at NLO, compared to the T} conventional and prompt fluxédotted lines. We
show results using the four PDF's MRS R1, MRS R2, CTEQ 4M and MRST.

<107 ° (see Sec. Nare noticeable &, =10> GeV. In Figs.
2 and 3, theEf‘-weighted fluxes increase with: they can

differ by up to two orders of magnitude at the highest energ))‘

considered, 10 GeV, for the two extreme choices bf This
behavior is similar for all the PDF’s considered.

The A dependence of the fluxes can also affect the energy Lo PR
enSlope\ of the gluon PDF, we notice in Fig. 4 that, for all

Jour PDF’s, above about £0GeV the differences in slope

at which the prompt contribution dominates over the conv
tional sources: this is particularly true for the muon fluxes

it can be seen in Fig. 2; for the, + v, fluxes this effect is

less importantsee Fig. 3 and it does not exist for the,

+ v, fluxes, for which the conventional contribution is much
lower. Apart from these differences due to thevalues,
charm decay dominates over conventional sourceg at
=10° GeV for muonsg, =10° GeV for muon-neutrinos,

N
andE, =10" GeV for electron-neutrinos.

We also see that all our fluxes far=0 are similar to
those of TIG at energies above®1GeV. We have already
mentioned that TIG used a very low valueNgfA =0.08. It is
remarkable that, for these low valuesxafwe obtain similar
final fluxes in spite of the differences of the two simulations
and of the total cross sections already noted in Fig. 1.

al

lated with MRS are close to the corresponding PRS results
shown in Fig. 8 of Ref[7], calculated with CTEQ 3M and
=0.3. Our results are lower than the PRS by 30-50 % at
the highest energies, which is probably due to the PDF’s
used and to the different approach of the two groups.
Regarding the dependence of the spectral inglean the

between the. =0 and\ =0.5 fluxes is about 0.5, suggesting
that the spectral index ig (E,) =b,(E;) —\, namely,

—o(E) _ —bi(E))+A

&(E)~E, E, (14)
whereb,(E,) is an energy dependent coefficient, that can be
read off directly from thex =0 curve[b,(E,) is the spectral
index forA =0]. We will justify this result in Sec. V. Due to
this linear dependence of the spectral index\gngiven a
model which specifies the functiom (E,), the value of\
could be determined through a measurement of any ofthe
fluxes at two different energies. We will study in detail this
possibility elsewhergl8].

Here we only comment on the typical rates in a’kde-

We can also compare our fluxes to those of the recertiector. It can be estimated from the curves of Fig. 2 that the

Pasquali-Reno-Sarcevi®RS results[7]. As we have al-
ready noticed in GGV1, for intermediate values Yofour

number of prompt atmospheric muons traversing & kie-
tector from above would be over 100 per year around a muon

results are very similar to the PRS ones. From Fig. 3, forenergy of 1 PeV, decreasing rapidly to less than 1 per year

example, we see that our fluxes for the- 0.3 case(calcu-

above 100 PeV. In this energy range there is a concrete pos-

056011-5



GELMINI, GONDOLO, AND VARIESCHI PHYSICAL REVIEW D61 056011
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FIG. 3. Prompt muon-neutrino&3-weighted vertical fluxes at NLO, compared to the T3 conventional and prompt fluxdsotted
lines). We show results using the four PDF's MRS R1, MRS R2, CTEQ 4M and MRST.

sibility of detecting these prompt muons. Notice that the in-the linear dependence betweapand\ of Eq. (14) is not
tensity of the prompt muon flux depends critically on the affected by the choice of the PDF and again might be used to
value of \, suggesting still another way to estimaie determine the value of. We will return on this analysis in
through the measurement of the fluxes. more detail in another pap¢gi8].

In Fig. 5 we study the dependence of the prompt fluxes on
the PDF for fixed values ok. We summarize our previous
results forh=0 (left) and for A =0.5 (right), and compare

them again to TIG. The figures on the top show the |, this section we first find the characteristic values of the
Ef-weighted fluxes, those on the bottom the spectral indicesyartonic momentum fractions in the cosmic ray nucleus and
As we already noticed in GGV1, the dependence on the PDin the nucleus in the atmosphere, and then derive the linear
is not strong, all fluxes are very similar. This indicates thatrelation between the slope of the atmospheric m@meu-

our procedure for the “calibration” of our simulation with trino) fluxes and the slope of the gluon parton distribution
different PDF’s (described in Sec. Jlis good. There are, function.

however, some differences between the PDF's: in some e first show that the characteristic values of the partonic
cases(especially forA=0) the results of MRS R2 and momentum fractions of the incoming cosmic ray partey,
CTEQ 4M are very similar and higher than those of MRS Rland of the target parton belonging to a nucleus in the atmo-
and MRST (also very close to each otheThe maximum  spherex,, are respectively,

difference between all these fluxes is at the level of 30 to
70% at high energies.

We want here to remark once more that aut 0 fluxes
are very close to that of TIG at energies abové 1BeV
(and also below 1D GeV, but the prompt fluxes are not whereE is the energy of the incoming nucleda proton in
important at these low energje$or increasing values of,  this papey in the atmosphere reference frame. Precisely be-
our results are higher than TIG, even by two orders of mageause of the small value of,, for the relevant energiel
nitude forA=0.5 and at the highest energies. From the bot=10* GeV the gluon densitg(x,) is much larger than the
tom part of the figure we notice that also the spectral indiceslensity of quarks, which we, thus, neglect in these analytic
are almost independent of the PDF used. This indicates tharguments.

V. ANALYTIC INSIGHT

x,=10"%, x,=(E/10 GeV) ! (15
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FIG. 4. Prompt muons: spectral index of the NLO vertical fluxes for the four PDF's MRS R1, MRS R2, CTEQ 4M and MRST.

Let us first consider the charm flux at production
dee(E.,X)/dX, defined as the rate of ¢ quark production
per unit area, unit depth and unit charm ener&y {n the
atmosphere reference frajrie the interactions of the attenu-
ated nucleon fluxpy(E,X) with the air nuclei in the atmo-
spheric layer betweenX and X+dX. To obtain
do.(E.,X)/dX for a layer of transverse ared and height
|dh|, we simply multiply thec production rate per air
nucleus(which equals the incoming nucleon flux at depth
times the cross section fof+A—c+Y, whereY stands for
“anything” and N is simply a proton p in our studiyy the
number of nucleiA in the layer[which is.4|dh|n,(h)] and
divide the result by the transverse aréand the layer thick-
nessdX=p(h)|dh|. We find

dec(Ec,X)
dx
< Nath) (= do(pA— cY;E,E)
=2 M fECdE¢N(E’X) dE,

(16)

This is what we compute in our simulationsve use our
“single” mode), only the production ba ¢ quark is calculated.
Then the result is multiplied by two to include the contribution of
the antiquark(see[5] for details.

We assume that the charm production cross section sim-
ply scales as\, which is expected when it is much smaller
than the total inelastic cross section. In this case, the sum
over A becomes trivial, and we hav@ is the atomic mass
unit)

depo(Ec, X

) 1= do(pN—cY;E,E,)
ax _GLCdEQSN(E’X) .

dE,

(17)

In these analytical considerations, we assume a simple
power law for the primary flux and an energy independent
attenuation length.With these approximations, the attenu-
ated primary flux readgsee Eqs(8)—(13)]

ON(EX)=(X)E™ 77, (18)

2The dependence ofy on E is actually very mild. In fact the
whole factor e X/An(® pehaves likeE™# with B=0.1 for E
=10° GeV andp even smaller foE<10® GeV. Including this
contribution in our analytic argument would just mean to replace
with y+ B everywhere, i.e. the total spectral index would become
v+ 1+ B=3.1 instead of 3.0, for energies above the kneEab
x10° GeV. This slight change can actually be seen in our results
of Fig. 7b (see the description of that figyre
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FIG. 5. Dependence of prompt fluxes and their spectral index on the PDF at\fiXeft side\ =0, right sidex =0.5.

where ¢(X) = ¢oexp(—X/Ay). Substituting this approximate do a?(ug)
expression for the attenuated primary flux and changing the E. 3" ZST hij(Tx, T2, P AR ) (22)
integration variable fron to xz=E,/E in Eq. (17), we find d°k S
wherek and E; are the momentum and energy of the pro-
dée(Ec.X) — $(X) =71 ducedc quark, and, in the notation of Ref3], p=4m?/s,
Cc
dX u Z'x:1_7'1_72, 71=(K-p1/p1-P2), To=(K-p2/p;-p2) and
1 do(pN—cY;xg,E.) s=(p;+p,)? , while p; andp, are the projectile and target
X | dxgxg . (199  parton momenta respectively; =x,P1,p,=X,P,. The hats
dx - P . .
0 E indicate quantities in the partonic center of mébese with-
out hats are in the lab frame at rest with the atmosphere
The differential cross sectiotio(pN—cY)/dxg is given In the partonic center of mass frame, the projectile and
in terms of the partonic differential cross sectiday; /dxg ~ [@rget parton momenta are
(wherei andj are partons belonging to the projectile 1 and \/: \f \f \f
the target 2 respectively and the PDF'sfl(x;,u2) and ~ | VS OO—S s | NS _ NS
2 2 pl 2 Yy 12 ’ p2 2 y Uy Uy 2 y
t2(x;,uf) as
- k=(E;,0kr k), (22
do(pN—cY) L s day —
T :Eij: dxldXZfi (Xl:MF)fj (XZUMF)TXE- and we have
20 P .
20 E.+k 2E,
T , T=1— . (23
Herex, andx, are the momentum fractions of the projec- \fg \/é
tile and target partons. Mangamo al. [3] give the partonic
cross section in terms of functioms; as Then, after integration over azimuthal angles,
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FIG. 6. (a) The function{y4(v) at the Born level fory=0, 1.7 (below the knepand y=2 (above the knee (b) Flux-weighted charm
production spectral(1/o)(do/dxg) at several beam energigssing MRS R1\(R1)].

d*k  d%k . fld ,do(pN—cY)
E_c: E_ =2md Ecd k= mrsd Tzd Ty - (24) 0 XeXg dXE
2
. R . Tag((r) 1
The kinematic bounds m,<E.<Vs2 and [k =% 2}: [fo dxlefil(xl,ﬂé)}
C

< E2—m? fix the integration domains of, and r,. Using

p=4mZ/s, we get (1-\1—p)/2<r,<(1+1—p)/2 and 1dx T
0<s7,<1-—7,—(p/41,). We can use the relation 2l 2 e G ><2"U“R"““F '
28
E. kP,  kop, (28)
ETETPRP, pip T2 (29 \where the functiong;; are defined as
to write the differential cross section axg as CICREL)
1-v 1-v—m7,
- :Uf deTerlf dry
dO'iJ' 3 d 0 0
d_: d k 5(XE Xsz) (26)
Xe d’k Xhij (74, 72,40 To, R ), (29

and the argument is v=¢€/X, (to rewrite the integration in
T, We noticed thap/47-2—v). The functiongh;; are given by

hij (7, 72,0 1R 18) =D{P(72,0) () + O(). We  wil

The bound xlx2=§/s>4m§/2mpE=4exE (m, is the
proton massm,=1 GeV), where we define

m2 take only gluons as partons from now on, thi.jls{x ,uF)
€= ¢ s (27) _fJ (X'MF) g(X!lu’F)'
2mpE, The function{y,, usinghg at the Born level, is shown in

Fig. 6a fory=1.7 and 2(corresponding to the spectral indi-
implies thatx, andx, have a minimum lower bound larger cesy+1 of the primary flux above and below the khekn
than zero. In factx;=4exg/x,=4exg (sincex,<1). Tak- the same figure we see that the maxmunfgg(v) is atv
ing X, as the independent variable, theaxd<x;<1 and =0.1, namelyx,=10 €. However, given thag(xz,,uF) isa
dexg Ix1=<X,=<1. We now change the order of the integra- sharply increasing function with decreasirg (i.e. for in-
tions, in order to perform the integration kx before the creasingv at fixed E.), the maximum of the product
integrations inx,, X, and . g(xz,,uf:)ggg(v) is always to the right of the maximum of

The integration ovekg in Eq. (19) then becomes trivial, {q9(v), atv>0.1. Therefore, the integral iy, in Eq. (28) is
amounting to the replacement xf by x{7J, except for the dominated by the values of, of order e, namely
necessary changes in the integration domains which become
0=<X;,Xy,7=<1 and Osxg<(X;X,/€)7mo(1—1,). For the GeV

S(xg—X17,) in Eq. (26) to yield a non-zero result, we need KRN (30
to take O=x;1o=<(X1Xy/€)15(1— 75), which means that,

=<1-(elx,), and given that,=0, this meanx,=e€. This Returning to Eq(28), the integral inx; shows that large
leads to a factorization of the, andx, integrations as fol- values ofx; will be dominant sincqu(xl)—m{‘“_l for
lows: small x, where the exponent is positive, singe=1.7 or 2,
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while 0=\ =<0.5 (thusy—X—1>0). To see more precisely
what range ofx; dominates the integral, it is necessary to
prove two statements. The first is thgt=xg/x;<1, due to
kinematical constrains, thereforg>xg. The second is that
the characteristic value of; is 0.1, namely that the-quark

is mainly produced with 0.1 of the proton energy

|
5] o

1
-
Qo

E.=O(0.1E). (31

log, [E2d¢ (E..X)/dX / (GeVE/g sr s)]

1
-
L)

With respect to the kinematical limit on,, as we already
mentioned,7,=Xg/X;<1—v, and we obtained as a kine-
matical constraint tha¢<v = e/x,<1 (sincex, goes frome
to 1). Thus,7,<1—€<1, sincee is always larger than zero.
Another way of obtaining this bound is the following. Since

the partonic processes involved ag;g—>c€ or gg—-ccg,
then Vs=2(E.) . and due tom.#0, (Kyw<(Ed)ma

thereforer,<2(E.) mad VS<1.

That in factE.= O(0.1E) is clearly demonstrated in Fig. I
6b, which shows the functioxg(do/dxg) normalized by the e s e s e 7 s e
total c-production cross section. Thus we have proven that 108,(E,/GeV)
the dominant range of, in Eq. (28) is x;=O(0.1E) and
also, combining together E¢B0) and Eq.(31), our statement FIG. 7. (8) NLO charm production functiof3d ¢(E. ,X)/dX
in Eq. (15) aboutx,. (PDF MRS RJ); (b its spectral_ index —(?In[agbc(EC,X)_/

Even if we have not yet included gluon shadowing in c)uraX]/é!In EC These results are for a hellgint: 20 km, corresp.ondlng
calculations, we want to point out that this effect might onlyto a vertl_cal depttX=57.12 g/cm (similar results are obtained for
be important for the target gludigiven thatx, is very small  Other heights
but it is not important for the gluons in the projectilgiven
thatx,;=0.1). This means that the uncertainties on the com- fldx 9(x)¢
position of cosmic rays will not affect the results through e R
shadowing effects.

As a summary of our arguments we can say that, due t&incee<1, this integral is well approximated tiff,ae /X,
the incoming flux being rapidly falling with increasing en- for all A#0. Better approximations to the functidhgive
ergy of the primary, only the charm quarks produced with asimilar results. For example, approximating the funcidoy
large fraction of the incoming energl.=0.1E, count in the  two power laws, one above and another below the maximum,
charm flux at production, and those highly energetiiarks ~ Which is at abouk,=5€ [{= {madX2/5€)%* for x, between
come from projectile partons carrying a large fraction of thee and 5 and {= {ina{5€/x,)%* for x, between % and 1,
incoming momentunx;=x=0.1. On the other hand, be- the integral in Eq.(32) becomes{ma{5€) *(0.9+ 1.7\

- 2 : e e
cause typical partonic center of mass energjgsare close ~ M )I.I'Thui the esgentlal dependenceepf‘ IS malptall"nled.
to the cc threshold, 2n,=2 GeV (since the cross section Recalling thate=mc/(2m,E), Eq. (19) is proportional to

o S . E), and the same is true for E(B2), therefore
decreases steeply with mcreasmg), while the total center ¢ ®2

-2

— spectral index
)
o
o

J
(2]

€ ! -1
X_) = gmaxf dx, X2 . (32
2 €

of mass energy squared $s=2myE (with m, the proton be i
mass,m,=1 GeV), the produck,x,=Ss/s=4mZ/(2m,E) ax (EeX)~Ec” - (33
=GeV/E. This shows thak,=(GeV/Ex;)=GeV/0.E.

We now derive the dependence anof the muon and The charm production functiod ¢ (E.,X)/dX, calcu-
neutrino fluxes for a simple power law primary flux. lated numerically, is shown in Fig. 7a for a typicAl

We can explain first the dependenceomf the spectral =57.12 g/cmd (h=20 km). We are using here the PDF
index of d¢./dX at large energies, and then, using this re-MRS R1 with the three related values)£0, \(R1), 0.5.
sult, the dependence on of the spectral indices of atmo- We clearly see here that the slopeEat=10° GeV depends
spheric muons and neutrinos. To start with, we notice thabn the extrapolation of the gluon PDF & 107 °. This is
the integral in Eq(28) depends on the charm energyonly  one order of magnitude lower in energy than in Fig. 1 for the
through the presence of the parametén the integration on total cross section. This reflects the fact mentioned above
X,. To approximately perform this integration at large ener-that the characteristic charm energyEis= O(0.1E). Figure
gies, let us replaceg(xz):xz’“l in Eqg. (28) and take 7b shows that, as predicted analytically, the slojles nega-
L(€lx5) = max (N@amely develog in powers ofv =e/x, and  tive of the spectral index in our notatipaf the charm fluxes
keep only the constant tejnthen at production depend almost linearly mnlIn fact, in Fig. 7b,
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we can see that the logarithmic slopes of the 0 and\
=0.5 fluxes differ precisely by 0.5, abovexda(® GeV
(namely, above the kngéo about 18 GeV (the maximum

energy at which our fluxes are reliable, given that we take

10'' GeV as the maximum incoming proton energy. In
fact, the slope of tha =0 flux in that interval is about-3.1
to —3.2, while that of thex=0.5 flux is about-2.6 to —2.7.
Above the knee, the primary spectrum goesEdswith &
=(—vy—1-0.1)=-3.1, where we have also included the
0.1 contribution coming from th&-dependence ol (see
footnote in previous discussifrthus the charm spectrutm
the energy range 10GeV=E_.<10° GeV), goes approxi-
mately asES"* as expected from Ed33).

Using the definition of the leptonic fluxes in terms of the
charm spectrum at productiahyp./d X, we can now find the

dependence of the spectral index of muon and neutrino

fluxes with\. For example, the differential flug, of muons
with energyE,, (u stands here for™ oru”) is

[ dd(EeX)
s =2 [ ax| aeSlee

dN#(C—>,u4;Ec,EM,X)
dE,

(34

(¢, has, thus, units dfi/en? s sr GeM). Here the factor of

2 accounts for the muons produced dynd the last square
bracket is the number of muons of energy, produced at
sea level by the cascades, each cascade initiatectlopark
of energyE. at a depthX.

Our results above indicate that we can write the atmo-

spheric charm spectrum at production [@ee Eg.(33)]
do(E . X)/dX=F(X)E; Y~1*X with F(X) a function inde-
pendent of energy. Replacing this form foe.(E.,X)/dX
in Eq. (34) and multiplying and dividing byg,”~*** we
can write ¢, as

¢ ,(E )=2E*V*1“FdXF(X)FdE Ee R
M= 12 Xo E, c E#

dN,(c—u;Ec E, X)
dE,

(39

We can argue that in so far as the values of the pare
charm quark energi. and the daughter lepton energy,
are not very different, the dependence of the integrahon
(and onvy) should be mild. In this case, from E5), we
find that the spectral index of the mu@and similarly of the
neutring flux contains\ as a term, i.e.

~b,(E, v\ 4\

. —y—14N_
bu(E)=T(E,, ¥ \E, " " =E

" (36)

where the dependence of the functiohéE,,y,\) and
b,(E,,y,\) on\ andy should be mild. This justifies the
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FIG. 8. (a) Relation between the slope of the gluon PDF and
the muon spectral index, at fixed muon energy(b) Non-
linearities in this relation. Here;(\)=«a,(\) +\ and we use the
MRST PDF.

slope\. In Fig. 8a we show directly the relation between
and e, using the values coming from our simulation for the
MRST case already presented in Fig. 4, but now plotting
them for fixed energye,, . We show two examples, fdg,
=1 PeV, 10 PeV, where our points indicate a good agree-
ment with the linear relation between and\ of Eq. (14).

The mild dependence or of the functionsb|(\) =«
+\ can be seen in Fig. 8b, where we show the percentage
difference[b;(\) —b;(0)]/b,(0) for the different values of
A=0-0.5 with the MRST PDF. It is evident that, in the
range where our theoretical arguments are applicéfiole
E.= 10° GeV) theb,()\) functions differ only by 2—3 % for
different\ values, namely they are almost independent ,of
given one particular PDF. This analysis confirms the validity
of Eq. (14), which leads to the possibility of obtaining infor-
mation on\ at small parton fractionx not reachable in

n&Experiments, through the measurement of the fluxes. We will

study this possibility in more detail in a future papés].

VI. CONCLUSIONS

The actual next-to-leading order perturbative QCD calcu-
lations of charm production cross sections, together with a
full simulation of the atmospheric cascades, were used to
obtain the vertical prompt fluxes of neutrinos and muons.

We have analyzed the dependence of the atmospheric
fluxes on the extrapolation of the gluon PDF at very low
which is related to the value of the paramekerThis was

results shown in Figs. 4 and 5, presented in Sec. IV, showingone using four different sets of PDF’'s: MRS R1, MRS R2,

all the spectral indices obtained using all our PDF’s.
Finally we examine the deviations from linearity of the
relation between the spectral index and the gluon PDF

CTEQ 4M and MRST, with variabla in the range 0-0.5.
The charm production cross sections and the final lepton
fluxes depend critically on\ for leptonic energiesk,
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=10° GeV, which correspond 810 ° GeV. We found tonic fluxes depends linearly onas in Eq.(14).

that the fluxes vary up to almost two orders of magnitude at This suggests the possibility of obtaining bounds\oim

the highest energy considered,’1GeV, for the different “neutrino telescopes” for small values afnot reachable in

\’'s in the allowed interval; on the contrary, for fixed the  colliders, if the spectral index of leptonic atmospheric fluxes

results do not depend much on the choice of the PDF. could be determined by these telescopes. We will investigate
For the lowest values ok (A=0-0.1) our fluxes are this possibility in detail in the futurg18].

very close to those of TIE6], confirming that the very low

flux prediction is mostly due to a low value of (At

=0.08). For higher values af (A=0.2—0.5) our results ACKNOWLEDGMENTS
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