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PHYSICAL REVIEW D, VOLUME 63, 036006

Measurement of the gluon parton distribution function at small x with neutrino telescopes
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We analyze the possibility that neutrino telescopes may provide an experimental determination of the slope
\ of the gluon distribution in the proton at momentum fractionsmaller than the accelerator reach. The
method is based on a linear relation betwaeand the spectral indefslope of the down-going atmospheric
muon flux above 100 TeV, for which there is no background. Considering the uncertainties in the charm
production cross section and in the cosmic ray composition, we estimate the error on the measurament of
through this method, excluding the experimental error of the telescopes, tdI&

DOI: 10.1103/PhysRevD.63.036006 PACS nuni®er96.40.Tv, 12.38.Bx, 13.85.Tp

I. INTRODUCTION their pioneering approach to the problem.
In our second papd8B], we analyzed in detail the depen-

Atmospheric neutrinos and muons are the most importan@ence of the fluxes on the extrapolation of the gluon PDF at
source of background for present and future neutrino teleSMallx, which, according to theoretical models, is assumed
scopes, which are expected to open a new window in ad® P& a power law with exponent,
tronomy by detecting neutrinos from astrophysical sources. Xg(X)~Xx ", (1)

At energies above 1 TeV, atmospheric lepton fluxes have ) ) ) ]

a prompt component consisting of neutrinos and muons cra¥ith A in the range 0-0.5. Particle physics experiments are
ated in semileptonic decays of charmed particles, as oppos¢/§t Unable to determine the valuelofitx<10 * We found
to the conventional leptons coming from decays of pions andhat the choice of different values afatx<<10"" leads to a
kaons. Thus a model for charm production and decays in th@ide range of final background fluxes at energies above
atmosphere is required. 10° GeV. _ _ _

We base our model on QCD, the theoretically preferred Because of this result, in GGV2 we suggested the possi-
model, to compute the charm production. We use a next-toRility of measuring\ through the atmospheric leptonic fluxes
leading orderNLO) perturbative QCD(PQCD) calculation at energies above i(_(BeV, not the absolute fluxes, be_cause
of charm production in the atmosphere, followed by a ful of thelr Iar.ge theoretical error, bqt rather through their spec-
simulation of particle cascades generated PTHIA rou- tral index(i.e. the “slope”). In particular, we now propose to
tines[1]. use the slope of the flux of down-going muons.

We have already examined the prompt muon and neutrino W& want to stress that we are proposing to dsevn-
fluxes in two previous papefg,3] [called Gelmini-Gondolo- 90ing muons at energiesk, =100 TeV, where prompt
Varieschi(GGV1) and GGV2 from now oh muons d_omlnate over conventional ones, and not up-going

In our first papef2], we found that the NLO PQCD ap- Neutrino-induced muons whose flux is orders of magnitude
proach produces fluxes in the bulk of older predictionst smaller. While an important contribution to up-going muons
based on PQCPDas well as of the recent PQCD semianalyti- 'S expected from as_trophyswal neutrinos, there is no back-
cal analysis of Pasquali, Reno and Sarcgvit We also ~9round for down-going atmospheric muons.
explained the reason of the low fluxes of the Thunman- N this paper we further investigate the possibility of mea-
Ingelman-GondoldTIG) model[5], the first to use PQCD in  SUring _)\, in the more general context of an overall error
this context, which were due to the chosen extrapolation oftnalysis of our model. _ o
the gluon partonic distribution functioPDF) at small mo- We can identify five potential causes of uncertainty in our

mentum fractions, and we confirmed the overall validity of final results. The first one is the possible presence of large
logarithms of the typexln p-2r and a¢In s [the latter are the

so-called “In(1k)” terms]. The second is the treatment of

*Email address: gelmini@physics.ucla.edu the multiplicity in the production o€c at high energies.
"Present address: Case Western Reserve University, Cleveland, The third one consists of all the sources of uncertainty
OH. Email address: gondolo@mppmu.mpg.de hidden in the treatment of particle cascades generated by
*Email address: variesch@physics.ucla.edu, PYTHIA. The fourth one is the uncertainty in the NLO PQCD
gvariesc@Imumail. Imu.edu charm production model we use. This includes the depen-
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dence of the fluxes on the three parameters of the model arrdys, but could only be important for the atmospheric par-

the PDF’s used. The fifth and final one is the choice of thetons. The reason for the different characteristic valuesiof

primary cosmic ray flux, which is the input of our simula- the target and projectile partons is the followitfgr more

tion. Of all these potential sources of uncertainty we condetails see GGVR Because of the steep decrease with in-

clude that only the last two are relevant. creasing energy of the incoming flux of cosmic rays, only the
We deal with these five potential sources of error in turn.Most energetic charm quarks produced count and those come

In Sec. Il we address the question of the large logarithmérom the interaction of projectile partons carrying a large
agn p% andadnss, and in Sec. Ill we analyze the problem of fraction of the incoming nucleon momentum. Thus, the char-

multiplicity in our charm production mechanism. acteristicx of the projectile partonx,, is large. It isx;

~ -1 i i
In Sec. IV we consider the uncertainties due to the cas-_o(lO ). We can, then, inmediately understand that very

cade generation byyTHiA and to our NLO PQCD charm §ma|l parton momentum fra.ctions are needed in ou.Ar calcula-
production(the core of our analysisHere we evaluate the tion, because typical partonic center of mass energieare
errors due to the parameters of the model, errors that affeciose to thecc threshold, 2n,=2 GeV (since the differential
the charm production cross section, the final differential andc production cross section decreases with increasig
integrated fluxes and their spectral indices. We also detemhile the total center of mass energy squaregd=+2myE
mine how the final resultffluxes and their spectral indiges (with my the nucleon massny=1 GeV). Callingx, the
are affected by the choice of different extrapolations of thenomentum fraction of the target part¢im a nucleus of the
PDF’s atx<10"°. atmosphere  then, x;x,=s/s=4m?2/(2myE)=GeVIE.
We are finally ready in Sec. V to discuss hawcould be  Thus,x,=0(GeV/0.1E), whereE is the energy per nucleon
measured. We study the dependence on the different extrapof the incoming cosmic ray in the laboratory frame. The
lations of\ atx<10 °, we consider the spectral indices and, characteristic energ§, of the charm quark and the domi-
using the discussion of Sec. IV, we provide an estimate ofiant leptonic energg, in the fluxes ards,=E =0.1E; thus,
the errors on these indices and examine the feasibility of ar,=O(GeV/E)).
experimental determination of at x<<10 ° with neutrino

telescopes.
Finally in Sec. VI we discuss the error in the determina- Il. IMPORTANCE OF THE agn(1/x) TERMS
tion of A coming from the uncertainties in the elemental
composition of the cosmic ray flux. We address here a concern that has been expressed to us

The determination of at smallx<10~5 is important several times, about the applicability of perturbative QCD
because in this range saturation, unitarity and shadowing ef@lculations, mostly done for accelerator physics, to the dif-
fects should become important. The PDF sets we use haJgreént kinematic domain of cosmic rays.
been derived without including saturation effects. Even if ~Contrary to the case in accelerators, we do not have the
this procedure seems to work very well in the DESY epuncertalnty present in the d!fferentlal cross secti@swhen
collider HERA regime(where there might be some indica- the transverse momentupy is much larger tham, uncer-
tions of saturation already; see €§]), here we are extrapo- ta|£1ty V\2/hICh2 is due to the presence of large logarithms of
lating the resulting gluon PDF’s at even smallevalues  (PT+mg)/mg;. The reason is that we do not have a forward
where saturation may become important. With respect to unicut in acceptance, and so the characteristic transverse charm
tarity, using the expression of the Froissart bound on thénomentum in our simulations is of the order of the charm
gluon structure functions given in Eq. 31 of RET] we see  Mass,pr=0(mc), and notpr>0O(m) as in accelerator ex-
that the extrapolated gluon PDF's we use, with Pperiments.
=0.4-0.5, violate this bound ax values between 0.5  We may, however, depending on the steepness of the
%1077 and 1x 107, for the characteristic moment@?  9gluon structure function, have large logarithms of the type
=m2=3 Ge\? we have, which corresponds to leptonic en- asIns, known as “In(1k)” terms (herex=+4mg/s is the
ergies of -2x10° GeV. Always using the Froissart bound average value of the hadron energy fraction needed to pro-
on the gluon PDF as given in the Eq. 31 of REf], the  duce thecc pair at hadronic center of mass energy squared
gluon PDF's extrapolated witk<0.3 encounter this bound s). These “In(1k)” terms arise when the-channel gluon
at x<10"8, which corresponds to leptonic energies largerexchange becomes large, and eventually they have to be re-
than 16 GeV, beyond the energy range relevant in this pa-summed. Although techniques exist for resumming these
per. Shadowing of the gluons in the atmospheric nucleontgarithms[10], we have not done it. On the other hand, we
and nuclei, which we have not included here, could decreaskave phenomenologically altered the behavior of the parton
the amplitude of the gluon PDF's by about 10% jt distribution functions at smak by imposing a power law
=10"° and up to as much as 30 to 40%xat 10~ (see e.g. dependence of the formf(x)~x"*. This is analogous to
[8]), which would also change the effective value f  resumming the In(¥) terms in a universal fashion and ab-
There are no shadowing effects in the cosmic ray nucleonsorbing them in an improved evolution equation for the
and nuclei. Only the dominant of the gluons in the atmo- gluon density[such as the BalitskiFadin-Kuraev-Lipatov
sphere is small in our calculation, while the dominanmtf ~ (BFKL) evolution equatioh [11], a procedure which in-
the partons in the cosmic rays is large. Thus shadowing efereases\. For sufficiently large\, the large In(2X) terms
fects do not depend on the unknown composition of cosmishould not be present.
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2 _|||||||||||||||||||||||||||||||||||||||||||||||||||||||| Sma”er than the tot@p Cross Sect|on'
r We call oocp the perturbative QCD cross section of
1.8 - pair production inpp collisions,
16| _
[ oQCD=; Tocolij—co), 3
mi14f
[ where the sum is over the partongndj in the colliding
12 nucleons, and
1| - =
- R 2da(|]—>cc)
C | | | | | ] ogcplij—cc)= | dx;dx,dQ d—Q2
08 treeverve b ev e e dbereeoerpeloerprverybpverrereelreareegng

5 6 7 8 9 10 11 ) )
log,o(E/GeV) Xfi (X, mi) (X2, ). 4

FIG. 1. The ratioR=(on_o— 0Lo)/[TLoasn(s/MP)/] is plot- R _ _
ted as a function of the beam enefyfor the different values of ~ Hereda(ij —cc)/dQ? is theij —cc parton scattering cross
used with the MRST PDF. section,Q? is the four-momentum transfer squaregjs the
fraction of the momentum of the parent nucleon carried by

To find if our NLO cc cross sections are dominated by Partoni, andfi(x,uf) is the usual parton distribution func-
the In(1k) terms, we have used the following qualitative tion for parton momentum fractior and factorization scale
criterion[12]. We have plotted the ratio ME - . _

In the scattering of each pair of partof@me parton from
_ ONLOT 01O 2 the target and one from the projectilenly onecc pair may
- 2 2) be produced, but the number of parton pairs interacting in

ooagin(s/mg)/ AR e

each nucleon-nucleon collision is in general not limited to 1

as a function of the beam energy If the ratio is constant, and it increases with the number of partof(, u£)dx in
we are dominated by the In¢ terms, and if it decreases, €ach nucleon.

we are not. The good behavior is a decreastadrigure 1 ForA close to 0.5pgcp becomes larger than the togap
shows indeed that up to highest energy we consider in thigross sectionr,,~200 mb atE,~10'" GeV. It is obvious
paper, i.e. 18 GeV, R decreases fok=0.2, but is roughly therefore that our results at high energy and laxgare un-

constant for smallex’s. This indicates that we are not domi- physical, unless multiplicity is taken into account. In fact,
nated by the In(X) terms providech =0.2. multiparton interactions should be taken into account already

Clearly, this test involving the ratio does not say any- at a smaller cross section of order 10 mb, as determined in
thing about In(1¥) higher order corrections. One can only studies of double parton scatterifg].
argue that if the In(X) terms are not dominant at NL@or In order to incorporate multiparton scatterings into our
R decreasing with energy the correspondingd In(1/x)]" analysis, we use an impact-parameter representation for the
terms may also be non-dominant in higher order correctionsscattering amplitude and ignore spin-dependent effeafts
In any event, the data on charm production that could bél4]). Assuming the validity of factorization theorems, the
inferred atx<10 °, from the slope of atmospheric muon mean number of parton-parton interactiois—cc in the
ﬂUXeS, rea”y giVe information on the prOdUCt of the gluon collision of two protons at impact parameﬁ“s given by
PDF and the parton cross section and a measurement of this
product is useful. One can expect that the Ir(lterms at
w?”h(:e(;lgéder may be better understood by the time the data nc?(5)=2 f d2b’ dx,dx,d Q?

. 1]

do(ij—cc)
dQ?
1. MULTIPLICITY IN CHARM PRODUCTION X fi(xq,u2,b) (X2, u b+D"), (5)

Another concern is the fact that at high energies the charm 2 Py on . .
production cross section we use is sometimes larger than ttéhere fi(x, ug ,b)d"b is the number of partonsin the in-
total pp cross section. At first sight this seems absurd, buférval (x,x+dx) and in the transverse area elemefih at a
we show here that the cross section we use is the inclusivdistanceb from the center of the proton. For simplicity of

cross section, which contains the charm multiplicity; i.e., itnotation we drop the vector symbol m and writeb from

counts the number cn‘?pairs produced, and so can be largernow on.
than the total cross section. On the other hand, the contribu- |f n_(b)<1, n.(b) is the probability of producing ac

tion of cc producing events to the totalp cross section, i.e. pair in app collision at impact parametds. If ngg(b)=1,
the cross section for producing at least @mepair is always ng(b) is just the mean value df, the number ofcc pairs
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produced, at im_pact parametbr Let the probability ofk - ) )
scatteringsj — cc in app collision at impact parametérbe aii(b):f d*b’pi(b")p;(b+b") (12)
Predb). Then

neg(b) = E KP,ca(b). 6) is an overlap mteg-ral, a@QCDQJ *)C(-:) is the QCD parton-
k=0 parton cross section foij —cc, as in Eq.(4). From the

o , , _normalization ofp;(b) it follows thatfdzba,-j (b)=1 for ev-
Thek-tuple parton cross section is obtained by mtegratmgeryi i. Hence from Eqs(8) and (10) we find
the probability of exactlyk parton scattering®,.{(b) over ’
the impact parametds,

Occincl™ 0QCD» (12)
(ch?:f d*bPyc(b); (7

whereoqcp, given in Eq.(3), is the charm production cross
Section calculated within QCD. This justifies our use of

processes to the total cross sectionsig= .oy for k  7QCD as gingl In the calculation of the atmospheric fluxes.
%0 ce The way in which we use g, in our simulation is as

In our evaluation of charm production by cosmic ray in- follows. We input only onecc pair perpp C‘l”iSiO” at a
teractions in the atmosphere, we must count the number &vVen energyE, and multiply the outcome by inei, Which

the inclusive cross section for charm production is, thus
Ocana= 2kkayée and the contribution of charm producing

interested in the inclusive cross sectiofgne, Which in-  ing approximation in the kinematics of tioe pairs produced
cludes the numbek of cc pairs produced per collisiotthe i the samepp interaction. Even if in a real multiparton
multiplicity). We find collision the energy available to the second and other

pairs is smaller tharkE, we are neglecting this difference.
This is a very good approximation because the fraction of

Tena= S kov= | @3 kPcab)= [ o). on becaus
K K center of mass energy that goes into@pair is of the order
®  of \s/s~ 10 GeVE<1 at the high energies we are con-
. . d with.
This cross section can be larger than the tptalcross sec- ceme - .
tion, because it accounts for multiparton interactions. In par- Although we have explicitly proved Ed12) in the ab-

ticular, usinges, the contribution of charm producing pro- sence of parton-parton correlations, the same result can be

cesses to the total cross section defined above, the rat Et)alnedd V\:chen corrter!atlg_r:\?vﬁr?pres(ﬂ“&g Sec._vtﬁf Ref.
ocaincl! 0oc gives the average charm multiplicity. | and references therei at1s proved even in the pres-

Notice that here we consider only independent productior?nce of correlations is that the PQCD single scattering cross

f oo pai hat f h pair of collidi . sectionogcp is equal to the average number of parton-
of cc pairs, so that from each pair of colliding partons it parton collisions, call i{N), multiplied by the contribution

results only onec pair, and we neglect coherent production ¢ " y6qucing events to the total cross sectitine cross

of multiple cc pairs in 2-4, 26, etc., processes. This section o, defined above namely oocp=(N)o¢s (while
will underestimate the charm production cross section.  the inclusive cross section is equal to the average multiplicity
We assume in the following that the partonic dlstr|but|onsOf cc pairs multiplied byo.g). Here (N) may in general
cc/-

2 .
fi(x, ug ,b) factorize as contain contributions from two types of collisions. One type
2 2 consists of collisions of pairs of partorisonsisting of one
fi(x.ue . b)=Ti(x, ug)pi(b), ©) parton from each interacting nucléowhich interact only
once at different points of the transverse plane. Each colli-
sion of this type results in our case in ooe pair produced.
The second type consists of rescatterings in which one parton
of one of the nucleons and its interaction products interact
[dx xf(x)=1. The factorization in Eq(9) is consistent with several partons of the other nucleon. In interactions of
i . : . .
with the usual parton picture and with our assumption of ndiS P, Wh'Ch are much rarer than th.e first ones, th? num-
parton-parton correlations. ber of cc pairs produced not necessarily coincides with the
The mean number o —>c€scatterings at impact param- number of collisions. If rescatterings can be neglected, then
eterb then becomes (N) is the average number ot pairs produced andqcp is
the inclusivecc production cross section as stated in Eq.
(12). Otherwise small rescattering corrections, to our knowl-
edge not yet calculatefll6], are necessaryrescatterings
would also modify the energy spectrum of the particles pro-
where duced.

Wherefi(x,,uﬁ) is the usual parton distribution function, and
pi(b) is the probability density of finding a parton in the area
d’b at impact parameterb. We normalize p;(b) to
fd%b p;(b)=1, to maintain the usual normalization

ncab>=; aij(b)ooep(ij —co), (10)
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IV. UNCERTAINTIES DUE TO CASCADE SIMULATION, wherem;=\/pZ+m? is the transverse mass. The values of
PARAMETERS OF CHARM PRODUCTION MODEL the charm mass are taken slightly different for each PDF set,
AND CHOICE OF PDF'S namely,

In our first papefGGV1) we considered the uncertainties m.=1.185 GeV for Martin-Roberts-Stirling set R1
related to the cascade generatiorPNTHIA. There we tried ¢

different modes of cascade generation, different options al- (MRS RY), (14
lowed byPYTHIA in the various stages of parton showering,

hadronization, interactions and decays, etc., without noticing mM¢=1.310 GeV for MRS R2, (19
substantial changes in the final resuldifering at most by

10%). These uncertainties are however very difficult to ~ M.=1.270 GeV for CTEQ 4M, (16)
guantify, due to the nature of theyTHIA routines. Since

these uncertainties are small, we neglect them in this analysis Mc=1.250 GeV for MRS-ThornéMRST). (17)

and continue to useYyTHIA with the options described in
GGV1 as our main choice for the simulation: “single” mode
with showering, “independent” fragmentation, interactions
and semileptonic decays according to TIG.

In our “single” mode we enter only one quark in the
particle list ofPYTHIA, and we multiply the result by a factor

Here we explore the changes induced in cross sections
and fluxes at high energies by different choicesmf ug,
and ur which satisfy our calibration requirements.

We have performed this analysis with the most recent
PDF set: the MRST20] (other PDF’s give similar results
L = At first we fix A\=0 and then we examine other values\of
of 2 to account for the initiat quark.PYTHIA performs the  \ye note that the calibration procedure described above is
showering, standard independent fragmentation, and follow dependent ok because it involves only relatively low en-

all Fhe interactions and decays using defaul; pf\rgmet,fars aNgies, where the low extrapolation is not an issue.
options. In GGV1 we have argued that this “single” ap-

proach is equivalent to what we called the “double” mode,

in which bothc?partons are placed in the initial event list, in ) o ]
the first step of a standard cascade evolution. The “single” We considered tha =0 case because it is the most sig-

computing time. indices, as will be clear in the next subsection. We have

Important sources of uncertainty are contained in ouiconsidered the following reasonable ranges of the param-

charm production model, which is NLO PQCD as imple- eters:
mented in the Mangano-Nason RidolMNR) program|[9],

A. MRST A=0: Fluxes

. . 1.1 Ge\=em,=1.4 GeV, (18
calibrated at low energies.

The calibration procedure consisted of the following: 0.5M-< e<2m 19

(i) Choosing a PDF set from those available and fixing the ST HE i (19
related value of\ gcp .t 0.5mr< up<2ms, (20)

(i) Choosingm., ur andug, which are the charm mass,
the factorization scale and the renormalization scale respegvhere the bounds om, come from the 1998 Particle Data
tively, so as to fit simultaneously both the total and differen-Group[21], while those forug and u are those used in the
tial cross sections from existing fixed target charm producexisting literaturg9,19.
tion experiment$17,18 at the energy of 250 GeV, without  ithin these ranges we have looked for values of the
additional normalization factors. three parameters capable of reproducing the experimental
(i) Checking that the total cross section generated aftefiata in our calibration procedure described before. Table |
the previous choices fits reasonably well the other existinggummarizes the different sets of parameters: we have varied
experimental points for fixed target charm production experithe charm mass through the values=1.1, 1.2, 1.25, 1.3,
ments[19]. 1.4 GeV[m,=1.25 GeV was our previous optimal choice
Besides the choice of the PDF set, our procedure has thgr MRST in Eq.(17)] and then, for each value ofi., we
freedom to choose reasonable values of the three parameteygye found values of the factorization and renormalization
Me, me, andug so as to fit the experimental data. In GGV1 scales that reproduce the experimental total cross section
and GGV2 we made the standard chai®el9] of 0eoc=13.552.2ub at 250 GeV[17]. In particular, for each
value of m., we took ur=m+/2, my, 2m¢ and then, for
eachm., ur pair, found the value oftgr which best fits the
ME=2Mr,  ug=mMy, (13 data(see Table)l
We have also checked that these choices give good fits to
the differential, besides the total, cross sections at 250 GeV
"We note that\ ocp can be chosen in the MNR program indepen- [18], without additional normalization factors, as done for
dently of the PDF and therefore can constitute an additional indethe original choice of parameters in GGV1. Fo=1.1
pendent parameter of our model. We have opted however to choo$eeV we had to choose values pfy slightly outside the
the value ofAocp assumed in the PDF set being used, for consisfange in Eq.(20) (but we have kept these values in our
tency. analysis anywaly
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TABLE I. Choice of parametems\., ur and ug that can repro- 10% g
duce the experimental total cross sectigfi” for charm production c
in pN collisions at 250 GeV from the E769 experiment. For each i
MNR . . 10t £
set of parametersy_ . is the cross section calculated with the 3 3
MNR program using MRST PDF. C ]
o 1F E
m(GeV) ue (M) pr(Mr) oM R(ub) o2 (ub) E g 3
19 B T
11 0.5 2.53 13.48 1352.2 510! & - =
1.0 2.40 13.48 " A M= 1O Mg ]
2.0 2.10 13.42 " et T T i
1.2 0.5 1.46 13.57 1352.2 _i a ;
1.0 1.40 13.54 ” 10-8 b IYYITI YETTIYYT [IYYINTETI ANTRITIOT IYYTYCITT] (RIYTRVET) FRYICTOT) AOTRTYOTTA YRRVINYY
20 1.23 13.51 " 2 3 4 5 6 7 8 9 10 11
log,,(E/GeV)
1.25 0.5 1.18 13.57 13:52.2
1.0 1.13 13.54 "
2.0 1.00 13.58 "
13 0.5 0.96 13.55 1352.2
1.0 0.92 13.50 "
2.0 0.83 13.53 "
14 0.5 0.68 13.51 1352.2
1.0 0.66 13.51 "
2.0 0.61 13.52
For all the sets of parameters in Table | we have run our b)
full simulations for the MRSTA=0 case and the results are (R S T

200 400 600 800

described in Figs. 2—4.
E (GeV)

In Figs. 2a and 2b we show the resulting total charm
production cross s«_actio:mc;for all 1_5 sets of parameters in FIG. 2. Total cross sections for charm productiegs, up to
Table 1, together with recent experimental déftpm Table | NLO, calculated with MRSTX =0) and the values ahy, ur, ur
of Ref.[19], where all the data fopp or pN collisions have ot Taple |, are compared with recent experimental values
been transformed into @ cross section following the pro- [17,19,22-25 For each “band” in the figures(ie. for ur
cedure described in GGY1Figure 2b is an enlargement of =m./2, m; and 2m;) the cross sections increase with increasing
the region of Fig. 2a containing the experimental data. m. (and correspondingly smaller valuesf) in Table I[(b) is an

In Fig. 2a we see the spread of the cross sections, which isnlargement ofa)].
more than one order of magnitude at1@GeV. Above 250
GeV, one can clearly distinguish three “bands” of increas-section at 800 Ge\[25]), the uncertainty band should be
ing cross sections forg=m¢/2, my and 2n;. Within each  added under each of the cross section curves calculated with
“pband” the cross sections increase with increasing values obur standard choice of parametélige the curves shown in
m. (and correspondingly smaller values @f), in Table I.  Fig. 1 of GGV2.

Our standard choicenf.=1.25 GeV, ug=2my, wg=my) Figure 3 illustrates the corresponding spread of the final
proves to be one of the highest cross sections we obtain. prompt fluxes. Although our results are for the MRST PDF’s
In Fig. 2b we see better how all of these cross sectionextrapolated withh =0 (the value ofA which gives the low-

verify our calibration procedure. They pass through the poinest fluxe$ similar spreads result from other PDF’s ant.

at 250 GeV[17], agree with the point at 400 Ge\22] and We show the flux of muons; the fluxes of muon-neutrinos
disagree with the very low experimental point at 200 GeVand electron-neutrinos are essentially the same.

[23]. The lower values ofur=m/2 and m; fit better the Similarly to what happens with cross sections in Fig. 2,
lowest experimental point at 800 Gé¥4], while the higher the fluxes in Fig. 3 increase withp=m+/2, my and 2my
value of up=2m; fits better the upper point at 800 GeV and, within each band, they increase with increasipdand
[25]. correspondingly smaller values @fg), in Table I. At ener-

We believe that the spread of the total cross sectiongies around 10GeV the total uncertainty is almost one or-
shown in Fig. 2a provides a reasonable estimate of the urder of magnitude and decreases slightly for higher energies.
certainty of our charm production model at fixad Since  If we would decide to work only withug=2my (which fits
our standard choice of parametersn.&1.25 GeVur  the experimental measurement at 800 GeV with the highest
=2mr,ur=My) gives one of the highest cross sectigims  cross section the uncertainty would be greatly reduced: the
better agreement with the more recent value of the crosBuxes in this rather narrow band differ by less than 40%. We
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101

,u,+l,u.‘:\||MRS'|I')\=|O the value of\, the slope of the gluon PDF at small The

r N #4=2.0 m, ] best flux for this measurement is that of down-going muons,

r N Mp=1.0 mg ] because the prompt neutrinos have first to convert into
1072 = . \\ #p=0.5 Mg E muons or electrons through a charged current interaction in

- conventional’ MG —=—- 1 order to be detectable in a neutrino telescope.

In this section and in the following two we consider the
10-3 \ uncertainties in our method to determike In this section
we examine those coming from the charm production model,
in Sec. V those related to the non-linearity of our model, and
in Sec. VI those coming from the unknown composition of
the cosmic rays at high energies.

The slope of the fluxes or spectral index ig(E))
==dIn(E)IINE, with |=u™,v,+v, OF vetve. In
other words, the final lepton fluxes are

prompt

ES ¢,(E,) (GeV3/cm? sr s)

2 3 4 5 8 7T 8 9
log,,(E,/GeV)
—a(E)

FIG. 3. Results for MRSTA=0. The Ei-weighted vertical ¢'(E')ME' ' (21)
prompt fluxes, at NLO, are calculated using the valuesof ug,
ug of Table | and compared to the TI@G] conventional and
prompt fluxes. For each “band” in the figur@e. for ug=my/2,
my and 2my) the fluxes increase with increasimg, (and corre-
spondingly smaller values qfg) in Table I.

In GGV2 we found a simple linear dependenceagfon X\,
namely

a(E)=bi(E,y,N)—A=Dbi(E)) —N\, (22

observe that the flux calculated with our standard choice O¥vh_ere b'(E'? IS an energy dependent coefficient evalqated
using our simulation withh =0 and fixedy. As argued in

parameters ro.=1.25 GeVur=2my,ug=my) is almost ) o
the highest, as was the case for the corresponding cross s?gé(GEV zy[if)' diqpse'ng?mﬁgg/ S”r? gggrggin' t:gewgl(ljéafgglrig
tion in Fig. 2. =1 P - e
In Fig. 3 we also indicate the conventional and promptgnaéed by its value foa=0 (_see Sec. ¥ The coeffl_(:lent
1(E;,7,\) depends almost linearly op, the spectral index

fluxes from TIG; we notice that the TIG prompt flux is fh ; . Il that th ival
within our band of uncertainty, which is reasonable since?! the primary cosmic rays. We recall that the equivalent

TIG used a lown =0.08 value for their predictiongsee the nucleon flux for primary cosmic rays is expressed as
discussions in GGV1 and GGY.2

PN(E)<E-7 L, (23
B. MRST A=0: Spectral index The linear dependence bf(E,, y,\) on y can be written as
In our previous paper GGV2, we pointed out that an ex- _
perimental measurement of the slope of the atmospheric lep- bi(E;,v,N)=bi(E;,v,NM)+y, (24

ton fluxes at energies where the prompt component domi- o
nates over the conventional one might give information onwhereb,(E,,y,\) depends mildly or\ and y,? as we will
prove in Secs. V and VI, respectively.

Given bj(E,) from our model, an experimental measure-
ment of @, at energyE, would immediately givex corre-
sponding to a value ok=GeV/E,, as we discussed in
GGV2. A measurement &,=10° GeV=1 PeV would give
N atx=10 5, a value ofx unattainable by present experi-
ments.

For the time being we keep fixed the valueyp{y=1.7
below the knee ang=2.0 above the knee, as in GGV1 and
GGV2); only in Sec. VI will we consider changes in the

-2.5

B S S =

“35 - p=20m, value of y.
[ Hp=1.0 my o ] The feasibility of a measurement mfdepends, therefore,
A e 1 on the uncertainties ib;(E,). Here we discuss those coming
_a il from the charm production model.
2 3 4 5 6 7 8 9 Figure 4 shows the-b, corresponding to the fluxes of
log,(E,/GeV) Fig. 3 as functions off,. In the region of interestE,

FIG. 4. Spectral indices b, of the fluxes plotted in Fig. 3, for
the MRSTA=0 case. For each “band” in the figur@e. for ug .
=m¢/2, m; and 2n;) the spectral indices decrease with increasing ?We have included ifb, the +1 term coming from the-1 in the
m, (and correspondingly smaller values @§) in Table I. exponent of Eq(23).

036006-7



GELMINI, GONDOLO, AND VARIESCHI

10_‘ -:H||||||||||‘{||||||||||||||||||||||||||||||||||||||||||||||||||||||‘:-
TEEUAN MRST A=A(T) 3
C N —2.0 ]
N Mp=c.U My
i N M4p=05 mp------- 7
1072 & \ TIG ————
§ conventional\\ g
L \ ]
L \ ]

10-3

ES ¢,(E,) (GeV3/cm? sr s)

10-5 FYTITTTI FTTITTITI ITTTTTRITI INVRTINITI [TTTTITITI TRV ORI FANN

2 3 4 5 6 7
log,,(E,/GeV)

FIG. 5. Results for MRS\ =\(T). The Ei-weighted vertical
prompt fluxes, at NLO, are calculated using selected values,.of
Mg, ug from Table | and compared to the TIG] conventional and
prompt fluxes.

=10°-1® GeV, the values of— b, within each “band”
decrease with increasing. (and correspondingly smaller
values ofug), in Table I.

The spread ob,, due to the choice ofig, ug andm, is
Ab,=0.1, orAb,/b,=0.03, much smaller than the uncer-
tainty A¢,/¢,=10 of the absolute flux in Fig. 3. If we
would for some reason restrict ourselves to fhe=2 my
band, the uncertainty ob, would become even smaller,
Ab,=0.03. We will refer to this error ad b, in the fol-

lowing, as it is related to the choice of parameters in the
charm production model, and consider half of the spread in

Fig. 4 to evaluate it. Therefore

Aby,=0.05 (0.015, (25
where the value in parenthesis corresponds toutpe 2m+
band.

C. MRST A=\(T)

So far we usedv=0 only. This case determines the un-
certainty of theb,(E,) function which enters in the determi-
nation of\ through the atmospheric muon fluxes.

Here we study an “intermediate” value of. We con-
tinue to use the MRST PDF, but with the value bf
=\(T) given by the slope of the lowest tabulated valuexof
(see GGV2 for more explanationsThis value depends on
Q? and is about 0.2-0.3.

We repeat the same analysis of Sec. IV A. However, for
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W 107 A R L) L) LR UL LY

a F A=0 TRl S TAR

E 1073 E

> F prompt —— E

- - # 4

& F E

?ﬂ; 10-5 b b b b

(LA GURLLL) RLRLLRLLL) RLLLLLRLR LA RALLAALRY RALLLLLLR) LLLLLLLALY

-25 [ w7

F A=0 ]

& “3F MRSR1 E

I F MRS R2 ------ ]

-35F CTEQ4M ———- 4

F MRST - « a) ]

—4 FIYIYETTTI ATRTTRTTTI ATTTRATINI ANTRRATINI ATYRTETAR ANTIRITITI ANRINITIN

2 3 4 5 6 7T 8 9
log,,(E,/GeV)

w 1072 ARRRRLL) R R R R RLLLLLLLE) RLLLLLLLY-

a F A=0.5 zmmmme ]

% - 4

g 107 g E

< ¢ uoHut

?ﬂ; 10-5 b b b bneen

(LA GURLLL) RLRLLRLLL) RLLLLLRLR LA RALLAALRY RALLLLLLR) LLLLLLLALY

-25 [ w7

T A=05 ]

& “3F MRSR1 E

I F MRS R2 ------ ]

-35F CTEQ4M ———- 4

F MRST - b) 1

—4 FIYIYETTTI ATRTTRTTTI ATTTRATINI ANTRRATINI ATYRTETAR ANTIRITITI ANRINITIN

2 3 4 5 6 7T 8 9

log,,(E,/GeV)

FIG. 6. Results for MRS R1-R2, CTEQ 4M, MRST, far=0
(@ andA=0.5 (b), with standard choice of parametars,, ug,
Mr- TOp part:EfL-weighted vertical prompt fluxes, at NLO. Bottom
part: related spectral indices-«, (for the A\=0 case, —a
=-b,).

%

the spread within the narrowerr=2m; band are compa-
rable to those found fok=0. As in Fig. 3, our standard
choice of parameters n{;=1.25 GeVur=2mg,ug
=1.0my) yields almost the highest flux.

We conclude that similar features would be obtained for
other values ol\: our “standard choice” flux would be al-
most the highest in a band of uncertainty whose width is
similar for all values of\. The fluxes in the uncertainty band
of Fig. 5 are consistent with older predictiofsee GGV1
and references thergimnd with the prediction by Pasquali
et al. [4].

simplicity, we report the results for four selected sets of val-

ues for the parameters in Table |. The first sei.£1.1
GeV, ug=0.5m;, ugr=2.53my;) gives a lower bound for
the fluxes. The second sein{=1.4 GeV, ug=2ms, ugr

D. Other PDF'’s

Another source of uncertainty for the final fluxes and
spectral indices is the choice of the PDF set. As in GGV?2,

=0.61my) gives an upper bound for the fluxes. The remain-we consider here four recent sets of PDF's: MRS R1-R2

ing two sets are cases in thg=2m; “band.”

[26], CTEQ 4M [27] and MRST[20], with the standard

The results are plotted in Fig. 5. The general features othoice of parameters of Eqgld), (14), (15), (16), (17).

Fig. 5 coincide with those of Fig. 3, except for an overall

increase in all the fluxes due to the larger valuenofThe

Figures 6a and 6b show the muon fluxesp panels and
spectral indicegbottom panelsfor the two limiting cases of

total spread of the fluxes given by the two limiting cases and\ =0 (Fig. 68 and A =0.5 (Fig. 6b. In both cases the.
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- C AN MRST ] C ]
w r \ TIG ———— 7] w T MRST ]
102 | N\ E b i
NE § conventional\\ g NE 10-8 |-
3] i N As0 4~ ] 3} E
2 I N | N i
o 1078 > F
o E i) L prompt
a | prompt w104 |
S 10 b = ;
I B
10-5 busbilu el 10-5 bussbinl il
2 3 4 5 6 7T 8 9 2 3 4 5 6 7T 8 9
10g1o(E,‘/GeV) 10g1o(E,‘/GeV)
FIG. 7. Results for MRSTA=0—-0.5 (solid lineg. The FIG. 8. Results for MRSTA=0-0.5 (solid lineg. The
Ei-weighted vertical prompt fluxes, at NLO, are compared to theEi-weighted integrated vertical prompt fluxes, at NLO, are com-
TIG [5] conventional and prompt fluxéglashed lines pared to the number of particles traversing &kar sr detector per

year (dotted line$.
fluxes show at most a 30% —50% variation depending on the
PDF used. The uncertainty in the spectral indices BEgr  impossible to derive the value of from an experimental
=10°-10¢ GeV isAb,=0.02, orAb,/b,=0.01. This error ~measurement of the absolute level of the fluxes. However,
will be denoted as\bppe in the following, namely(again  the uncertainties in the spectral index of these prompt muons

dividing the spread by 2) are much smaller and a determinatiomobecomes possible
using the slope of the muon fluxes instead of their absolute
AprF:0.0l. (26) level.

Figure 8 shows th&2-weighted integrated fluxes as func-

These uncertainties, related to the PDF’s, are smaller thajons of the muon energy. The slant lines indicate the number
those due to the choices of mass scéfe® Figs. 3 and)4  of particles traversing a kindetector over a 2 sr solid

We conclude that, provided different PDF's are calibrated inyngle. Even for the highest predicted fluxes, less than 1 par-
a similar way(i.e. same values qir, ug andme, chosento ficle per year will traverse the Kindetector for energies
fit the experimental data of our calibratiorthe final fluxes  5p0ve 18 GeV. Moreover, while prompt muons can be de-
and spectral indices are very similar. The main source ofecteq directly, prompt neutrinos have first to convert into
uncertainty resides therefore in the choice of the mass pasharged leptons before being detected. The smaliness of the
rameters, rather than the adoption of a certain PDF set.  charged current interaction effecting the conversion consid-
erably lowers the detection rate of neutrinos. Therefore, the
V. DETERMINATION OF A\ WITH NEUTRINO slope of the charm component of the atmospheric leptons can
TELESCOPES be studied in neutrino telescopes only using atmospheric

In GGV2 we have given a detailed analysis of the depen-
dence of the final fluxes and spectral indiceshofor differ-
ent PDF’s. In this section we show that the spread in our —2.5
results due to\ is larger than the one due to the choice of
ME, wr, M: and of the PDF set, analyzed in the previous
section. This is good news for the possibility of measuing
since the spread in,,, due to differen\’s, is the signal we 3
want to detect, while the spread due to other factors consti- [
tutes the theoretical error of this measurement.

Figures 7—10 show how the flux and its spectral index -35
depend on A. We used MRST with variable\
=0,0.1,0.2,0.3,0.4,0.5 and our standard choice of parameters
(m.=1.25 GeV,ug=2m¢, ug=1.0my).

Figure 7 contains the differential muon fluxes. At the -4
highest energies the fluxes are spread over almost two
orders of magnitude. To each of the curves in this plot we
need to assign a band of uncertainty of about one order of FiG. 9. Results for MRST\=0-0.5. The spectral indices
magnitude coming from the choice of the PDF and of the— o (E)) for the different values oh, calculated directly by our
parametersn,, wg, and ur (see Fig. 3 Thus the curves simulation (solid lines are compared to the corresponding terms
become entirely superposed with each other. This makes #b,(E,)+\ (dotted lines.

[RRLE AL ALY LR LR LR

e, ) ; o+t

- 7
L \\O
L MRST

2 3 4 5 6 7 8 9
log,,(E,/GeV)
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e (AN)charn=(AD,)charn=0.075 (0.04, (29
where the number in parentheses corresponds to fiping
=2my in the charm model.

If the theoretical uncertainties so far presented would be
the only ones affecting the determination »fthrough a
measurement of the slope of the down-going muon flux, we
could expect to get to know with an uncertainty of about
AN~0.1. However, even excluding experimental uncertain-
ties in the neutrino telescopes themselves, the uncertainty
increases when our ignorance of the composition of the cos-
mic rays at high energy is taken into account, as we show in
the following section.

BN

SERENETI

3 4 5 6 7 8
log,,(E,/GeV) VI. UNCERTAINTY FROM COSMIC RAY COMPOSITION

©

FIG. 10. Results for MRS =0— 0.5 (solid lineg. The error of The final uncertainty we consider in the determination of
Eq. (22 is evaluated in terms of the differeneg(E,)—b,(E;) N comes from the poorly known elemental composition of
+\. the high energy cosmic rays.

The spectral index of the cosmic rays enters almost

muons coming from above the horizon, and only in & narrowWinearyy in the slope of the atmospheric leptons. From Egs.
range of energies, between a lower limit oE, (22) and (24) we have

=10°-10° GeV, above which the prompt component domi-

nates over the conventional one, and an upper limiEgf 06|(E|):E|(E| YA+ y—\. (29)
=10"-10° GeV, above which the detection rates become Y
negligible. So far we have kepy fixed; thus, the uncertaintib,, cal-

In practice, the spectral index of the prompt muon flux . jated in Eq(29)
may be estimated by the difference of two integrated muo
fluxes above two different energies, e.g® Hhd 10 GeV.

Figures 9 and 10 prove the validity in our model of Eq. W
(22), which isa(E;)=b,(E;) —\. In Fig. 9 we plot the spec-
tral indices— «,(E,) for the different values of, both as
directly calculated with our simulatiofsolid lineg and as
—b(E)) +\ (dotted line$, whereb,(E,) is a; with A=0.
The two almost coincide, in the interval of intere#,
=10° GeV. Their differenceq,(E;)—b;(E;)+\, given in
Fig. 10, is small, about=0.03 atE=10° GeV. This differ-
ence stems from the mild dependencebgfE;) on A and
needs to be added to the the other uncertainties evaluated
Sec. IV. We will refer to this error, due to the non-linearity
in A of Eq. (22), as

is actually an uncertainty ib,. We are
oing now to evaluate the uncertainty duejo

The non-linearity of Eq(29) with respect toy is mild, as
e have argued analytically in Sec. V of GGV2 and we show
here using our numerical simulation. We have conducted a
few trial runs of our simulation simply changing the values
of vy used for the primary flux. We recall from Sec. IV B that
in our model we usedy=1.7,2.0, respectively below and
above the knee &=5x10° GeV. We have run our simu-
lation changing these values of by +0.1+0.2; both
above and below the knee, to see the error produced when

t]%king b, computed at fixedy (our usual valuesin Eq. (29
and thus leaving a pure linear dependence/okVe used the
MRST PDF, withx =0, but similar results are obtained with
other PDF’s and\’s.

Ab,omin=0.015, (27) In Fig. 11a we plot the spectral index «,(E,) for the

which again is evaluated dividing by 2 the spread in Fig 10different values ofy, both as dire_ctly calculated with our
We see in Fig. 9 thah\ ~ A «; therefore, we would need simulation (solid lines and as —b|(E;;y=1.7,2.00=0)

an uncertainty in the spectral index of order 0.1 to determine_ y (dotted line3, i.e. using our standard values fprof the

N with the same accuracy. We will show now that this is primary flux and adding an increment in equal to=0.1,

+ H 13 1 H -
roughly the uncertainty related to our theoretical model. (igéi.c?rrtgsls c\)ArI%ys ttgih;egtgs\éagﬁ:i Ofgthﬁzecz%egéﬁltggt
In fact, we can finally estimate the total uncertainty in the P 9. 9.

determination of coming from our theoretical modéthat the dotted and the solid lines almost coincide, especially in

is, excluding the uncertainty due to the unknown composi-the interval of interest foE,=10°-1¢° GeV, proving the

tion of cosmic rays We sum together the three spreads ofvalidity of Eq. (29). The uncertainty irb; due to this non-
b,(E,) previously calculated in Eq$25), (26) and (27), to linearity, whlch_we callA y,oniin » €valuated in terms of the
obtain the final uncertainty,from the charm production differencea,—b,— v, is plotted in Fig. 11b and, in the en-
model, ergy range of interest, is

3We summed the errors linearly. Summing in quadrature would “Notice that these values of are some of the most probable
give (AN)charm=(ADb,)charm=0.053 (0.023). values(see Fig. 13
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FIG. 11. Results for MRS =0 for different values ofy. (a)
The spectral indices- «,(E,) for the different values ofy, calcu-
lated directly by our simulatiorisolid lineg, are compared to the
corresponding terms-b,(E,; y=1.7,2.0A=0)— v, with incre-
ments iny equal to+0.1, =0.2 (dotted line$. The curves are la-
beled by the related value of above the knee=2.0 is our
“standard value’). (b) Uncertainty due to the non-linearity of Eq.
(29), as the differencey,—b,;— 7.

A¥nonlin=0.02. (30

We will now consider the error due to the poorly known
elemental composition of the high energy cosmic rays. Con

cerning charm production, the relevant cosmic ray flux to be

considered is the equivalent flux of nucleons impinging on

the atmosphere. For a given cosmic ray flux, the equivalent

flux of nucleonse,(Ey) depends in general on the compo-
sition of the cosmic rays. Nuclei with atomic numbgrnd
energy E,, coming with a flux ¢a(Ea), contribute an
amountA¢,(AEy) to the equivalent flux of nucleons at en-
ergy EN=EA/A. So, in total,

¢eq(EN>:§ Ad(AEY). (31)

The uncertainties in the equivalent nucleon flux arise from
the poorly known composition of cosmic rays in the energy
range above the so-called knde,~10° GeV.

The actualy that enters into our proposed determination
of \ is the spectral index of the equivalent nucleon g,

PHYSICAL REVIEW [B3 036006
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FIG. 12. TheE3-weighted equivalent nucleon fluge(En) is
shown for different primary cosmic ray experimef28-31. For
each of these we plot the central value and the related error band.

EN &(beq_ i

Goo TEn ~ Bog > AbAVATD),

¢eq A

Yeqt 1=-— (32

where vy, is the spectral index of the component of atomic
numberA, i.e. pa(Ex) =KaE, mrt
We have calculate@,q and yq using the experimental

data of JACEH 28], CASA-MIA [29], HEGRA[30], and the
data collected by Wiebel-Soott al, in Table | of Ref[31],
each with their respective compositions. Figures 12 and 13
show the ¢ and the y.4 so obtained. Only the data of
CASA-MIA [29] and HEGRA [30] reach energiesEy
<10 GeV, so we have not extended our analysis beyond
10% Gev.

We have calculated the error band associateddpin
two different ways, because of the different parametrization
3.8
3.7
3.6
3.5
3.4
3.3
3.2
3.1

3
2.9
2.8
2.7
2.6
2.5

] JA(I3EE
. ZZZZ4 Biermann

- RN CASA-MIA
. ///////) HEGRA

7eq+1

3 4 5 6

log,,(Ey/GeV)

7

FIG. 13. The spectral index;.q+ 1, for the equivalent nucleon

the equivalent cosmic ray spectral index for short. Theflu
equivalent nucleon flux is written ageq*Ey e 50 that
the spectral index,q is given by

xes of Fig. 12, is shown for different primary cosmic ray experi-
ments[28—-31. For each of these we plot the central value and the
related error band.
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of the composition used in Ref§28] to [31]. References

PHYSICAL REVIEW D63 036006

E,=10° GeV, energy at which we would like to measwre

[28,3] give separate power law fits to the spectrum of eachhrough the spectral indefwe recall from GGV2 that,

cosmic ray component,
Ga(En)=KaE, A%, (33)

where the parameteks, andy, have errors\k, andA y, .
Standard propagation of errors gives, in this case,

AkA 2 1/2
A¢eq::; A2¢i (k_A +[|n(AEN)A7A]2 }
(34
and
A2g2 Akp\ 2
A'}’eq:[§ ¢§q (ya— 7eq)2(k_A)
1/2
+[1= (YA~ Ve IN(AEN) (A ya)? ] , (39

where ¢, is evaluated aE = AE,.

Reference$29,30 give a power law fit to the total par-

ticle flux
G(Ep)=KE, "™ (36)
and a composition ratio(E,) in terms of which
dA(En) =T A(En) P(En). (37

These experiments distinguish only between a light and a

=0.1E,).

At this energyEy, from Fig. 13, we may take half the
difference between the central values of the CASA-MIA and
HEGRA data as an indication of the systematic uncertainty

on Yeqy

A Vsyst— 0.1 (39

Using the CASA-MIA data and the related error band,
instead of the very spread HEGRA data, we can expect a
reasonable statistical uncertainty

A ys1a=0.05. (40
Sincea; depends linearly ory.q and\, the same uncertain-
ties apply to a determination of. The total uncertainty in
the determination ok coming from the unknown composi-
tion of cosmic rays is now simply the sum of E430), (39)
and (40),

(A)\)comp:(A'qu)compzo-]-?r (41
if summing the errors linearly, or
(A)\)comp:(A'qu)compzo-llr (42

if we sum them in quadrature.

Finally, we can now combine all the uncertainties to-
gether to compute the overall theoretical error in the deter-
mination of\ with neutrino telescopes. From E{&5), (26),
(27), (30), (39), and(40) we obtain

heavy component. We assign atomic number 1 to the light

component and 56 to the heavy ofehich we call “iron”).
Herek, y, andr, have errorsAk, Ay, andAr,, respec-
tively. The equivalent nucleon flux is still given by E@1),
while standard propagation of errors gives, in this case,

2

+ 2

Ak\?
eq| |

k

2] 1/2

We omit the much longer expression ry,,. For simplic-

Ar
soui=| 3 w00 T2

+ (39

; AdaIN(AEY A ya

AN=0.25 (0.2)), (43
if summing errors linearly, or
AN=0.13 (0.12), (44)

if summing in quadrature, where the numbers in parentheses
correspond to the.p=2my “band” in the charm model.

VII. CONCLUSIONS

We have examined in detail the possibility of determining
the slope\ of the gluon PDF, at momentum fraction
=10 °, not reachable in laboratories, through the measure-
ment in neutrino telescopes of the slope of down-going muon

ity, we have neglected the error coming from the energyfluxes atE,=x"* GeV.

dependence af,, which we expect to be much smaller than

The method we are proposing may reasonably well reach

the others. In Fig. 12 we show the equivalent nucleon fluxx= 107, which would require 10 PeV in muon energy. At
beq- Itis clear from the figure that the systematic uncertain-this energy, there would still be 50 events from charm if
ties dominate, with spreads between different experiments of 0.5 and 10 events i =0. But the best measurement could

up to a factor of 4.
The uncertainties in the equivalent spectral indgy are

be done between 100 TeV and 1 PeV of muon energy, i.e.
betweenx=10"* andx=10"°. Present data do not go be-

smaller, as can be seen in Fig. 13, where only HEGRA andpw x=10"° and the CERN Large Hadron CollidétHC)
CASA-MIA extend to the energy region above the kneewill not do any better. The reason is that the dominant values

which is important to us.
We can consider, for example, an enefgy=10" GeV,

of x in the production of a heavy particle of makk and
rapidity y are of orderx=[ Mexp(y)/\/s] (see for example

which is likely to determine the leptonic fluxes at around[32]) where /s is the center-of-mass energy of the hadron
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collision. Thus the smaller values gfare obtained with the tion and the poorly known composition of cosmic rays at
smallerM and largery for fixed \/s (14 TeV at the LHG.  high energies. _ _

Even if exhaustive studies of the possible minimuro be We have seen that, for a fixed value)of the uncertain-
reached at the LHC have not yet been carried[864, it is ties give rise to an error band for the leptonic fluxes of al-
known that the experiments will explore the central rapiditymost one order of magnitude at the highest energies. This
region (the CMS and ATLAS detectors will covey<0.9 ~ makes impossible a determination ofbased solely on the
only) and that bottom can be tagged, but most likely notabsolute values of the fluxes; therefore, we propose using the
charn? [34]. This means that the lowestthat LHC is ex- slopes o_f the fluxes. In particu_lar we are proposing to use
pected to reach, assuming realistically that charm will not b&loWn-going muons for energies E,=100 TeV, where
tagged, isx=m,exp(~0.9)/\s=1.5x10"*. Therefore, the prompt muons dominate over conventional ones, and not up-

method proposed here may give information on the gluorg_omg neutrino-indu_ced muons whose ﬂqx is, orders of mag-
PDF atx<<10 °, a range not reachable in laboratory experi-nltude ;maller. While an important .contr|but|.on to up-going
ments in the near future. muons is expected from astrophysical neutrinos, there is no

To this end we studied the dependence of the leptoni@ackground for down-going atmospheric muons. .
fluxes and their slopes on. The slopes depend almost lin- The overall theoretical error, frpm the charm production
early on\. We studied the uncertainties of the method wemodel, Ol?l the me;surement M. IS (A.)‘)%“armso'.lo' A
propose(excluding the experimental errors of the telescopesMParabie error,< ue to uncertainties in the cosmic ray com-
themselves These come mainly from two sources: the freePOSition, BA)comp=0.15, must be added, so that the overall

parameters of the NLO QCD calculation of charm produc-€" in the determination of with neutrino telescopes is
AN~0.2.

These errors may be reduced by improving the experi-
mental knowledge of the charm production cross sections

*Tagging is done by finding the point where the quark decaysand of the cosmic ray composition around and above the
(called the vertex The probability of decaying is exponential and kpee.

higher in the region close to the collision point. The only way to tell

charm from bottom is by the distance from the collision to the ACKNOWLEDGMENTS
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