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To cosmic rays incident near the horizon the Earth’s atmosphere represents a beam dump with a
slant depth reaching 36 000 g cm ™2 at 90°. The prompt decay of a heavy quark produced by very high
energy cosmic ray showers will leave an unmistakable signature in this dump. We translate the failure
of experiments to detect such a signal into an upper limit on the heavy quark hadroproduction cross
section in the energy region beyond existing accelerators. Our results disfavor any rapid growth of
the cross section or the gluon structure function beyond conservative estimates based on perturbative

QCD.
PACS number(s): 13.85.Tp, 13.85.Ni, 96.40.Pq

I. INTRODUCTION

Understanding the production of heavy quarks, espe-
cially the relatively light charm quark, is a subject that
is at the forefront of particle physics for several reasons.
Leptonic decays of the charm and b quark are the source
of high momentum electrons and muons which represent
critical backgrounds in the search for new phenomena at
present and future hadron colliders. Perspectives for very
interesting neutrino physics at future colliders, including
the direct observation of 7 neutrinos, depend critically
on the production of charm [1]. Because of its interme-
diate mass, the charm quark provides a bridge between
light and heavy quark physics. Precisely for this reason
the mechanisms for charm production are believed not
to be well understood. A perturbative calculation lies
beyond the scope of existing QCD technology because
it requires resummation of large logarithms of 1/z with
z =~ m./+/s[2]. Even the leading order perturbative cal-
culations, which require inclusion of O(a?) and O(a?)
diagrams, are unreliable because the results are sensi-
tive to the assumed quark mass and the renormalization
scale. Because charm is at high energies predominantly
produced by gluons, the cross section also critically de-
pends on the low-z behavior of the gluon structure func-
tion which is poorly known or undetermined depending
on the energy [3]. Charm production is a great labo-
ratory to study these issues on the interphase of per-
turbative and nonperturbative QCD. The experimental
status of open charm production is unfortunately rather
unsettled. Large uncertainties are especially associated
with the production of charm particles in the Feynman-
z, zp — 1 region which is poorly covered by the highest
energy colliders.

Cosmic ray particles have been observed up to energies
exceeding 102° eV [4], about 100 times the Superconduct-
ing Super Collider (SSC) energy, and thus have a unique
potential for studying the cross section for charmed par-
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ticle production at energies impossible to achieve with
current technology in controlled experiments. More im-
portantly, the leptonic decay of charm particles into high
energy muons produces a gold-plated signature leading
to the rather unusual circumstance of doing a “clean”
particle physics experiment with cosmic particles. Cos-
mic rays with energy in excess of 100 TeV initiate air
showers which can be studied with sea-level particle de-
tectors. The detected flux is a steeply falling function of
zenith angle because the depth of atmosphere traversed
by a cascade reaching the ground rises rapidly from 1030
to 36000 gcm ™2 as the zenith angle varies from zero to
90°. Thus near the horizon (90°) close to 1000 radiation
lengths of matter separate the interaction from the detec-
tor and the configuration of the experiment is identical
to that of any accelerator-based beam dump experiment.
Most secondaries such as pions and kaons are absorbed in
the dump and only penetrating particles, such as muons
and neutrinos produced in the initial interaction, reach
the detector. For very high energy interactions the decay
of charm particles is the dominant source of high energy
secondary muons. So counting high energy muons at
large zenith angles, typically larger than 60°, determines
the charm cross section. There is no background from the
semileptonic decay of pions and kaons which, as a result
of time dilation, interact and lose energy rather than de-
cay into high energy muons. This background has been
extensively studied and is well understood [5].

It should also be pointed out that the muon signature
can be sharply defined, even when using a conventional
air shower array as a detector. The high energy muon
will traverse the atmosphere and occasionally lose en-
ergy by catastrophic photon bremsstrahlung. If the pho-
ton shower is produced close to the detector, it will be
recorded and is referred to as a horizontal air shower. The
origin of such a signal can be verified as (i) it must be
independent of zenith angle unlike any potential back-
ground, (ii) it must have a low muon content as the
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shower is purely electromagnetic, and (iii) it is initiated
by muon bremsstrahlung near the array and is therefore
detected in the vicinity of shower maximum. All features
can be experimentally verified and incorporated in the
triggers selecting horizontal air showers. Thus the mea-
surement of high energy muon fluxes can undoubtedly
provide useful data on the production of charm.

II. CALCULATION

It is the purpose of this paper to illustrate how several
existing installations can collect data relevant to charm
production. Most importantly, the Akeno air shower de-
tector in Japan has published in 1985 an upper limit on
the flux of muon-poor horizontal air showers with energy
in excess of 100 TeV [6]. It is straightforward to translate
the upper limit into an upper limit on the charm cross
section. The translation does however require knowledge
of (i) the primary cosmic ray spectrum which is well mea-
sured in the energy region under consideration although
the composition is a matter of debate, (ii) the energy
loss of high energy muons, (iii) the structure of the elec-
tromagnetic shower radiated by the muon which is well-
understood, and (iv) the effective area and exposure time
of the detector which has been published [6].

The calculations, which we have performed both an-
alytically and by Monte Carlo, are routine. We briefly
sketch them below; details can be found in Ref. [7]. The
cascade equations for the production of charmed hadrons
can be written as
d¢;’(l’,E-,;,0) E;

dr = '_(1/)‘1)¢1($7E17 0) - E:;d)z(m’ Eiv 0)

e iN
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where ¢; is the flux of particles of type i (= D*, D% A,),
¢n is the initial nucleon flux, z is the depth of atmo-
sphere penetrated by the cascade, and A; is the nuclear
interaction mean free path for particle . Both = and
\; are in units of gcm™2. The critical energy E. corre-
sponds (modulo the ratio z/);) to the energy at which
the probability that the charm particle decays equals the
probability of a nuclear interaction,

mic: =
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Here m; and 7; are the mass and lifetime of particle 7 and
p(h) is the atmospheric density at altitude h. For an ideal
isothermal atmosphere the ratio z/p(h) is essentially a
function of zenith angle, independent of vertical depth.
The first and second terms in (1) represent the depletion
in the cascade of particles of type i as a result of their
interaction in the air and decay, respectively. The last
term takes into account the production of charm particles
of type 7 in nuclear interactions in the cascade. This
production rate is given by
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Here o4 is the inelastic nucleon-air (A = 14.4) cross

section, ok 4 is the cross section, and df;/dE; the energy
spectrum for the production of particles of type 1.

The differential equation is solved by using the approx-
imate solution for the nucleon flux,

¢n(z, En,0) = NEgOTVee/An (4)
Equation (1) becomes

do; 1 E: _
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where K; describes the production of charmed particles
at energy F;,
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The solution can be expressed as a combination of incom-
plete I' functions which can be expanded as a power series
in z, but for numerical calculations it is more convenient
to express it as an integral:
T Ei 8) 1 1
ox 1.1
Kie“”/AN dxr x E: ez(,\,- AN).
0

Ei (8)
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Here )\;, Ay are respectively the interaction length for
particle i and the attenuation length for nucleons [7].

We are now ready to calculate the flux of muons of
energy E,, zenith angle # at depth z:

E!ﬂ‘x .

: Ei(6) . df*
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FIG. 1. Differential energy spectrum (times E3) for
muons from pion decay (dotted lines showing the flux at 90°
and 0° zenith angles) and from charm (all other). For pion-
induced muons the higher flux is predicted by the QGSM,
the two others are taken from Refs. [8,9]. The dotted line is
obtained using the charm production model of Ref. [12], the
dashed and solid lines are the perturbative QCD predictions
using KMRSD~ and KMRSDO structure functions, and the
dot-dashed lines are the QGSM result. Also shown are the
experimental data from Ref. [16].
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which incorporates the three-body decay of the charmed
particles D — Kuv and A, — Aguv. B; is the branching
ratio and df*/dE,, is a three-body phase space integral.
All the integrals can be evaluated using nonstatistical nu-
merical methods. In addition we included variation of the
critical energy with angle and depth. We took into ac-
count the variation of atmosphere density with height us-
ing a standard parametrization. In calculating the depth
of atmosphere near the horizon it is essential to take into
account the Earth’s curvature. The muon energy loss in
the atmosphere was calculated in the standard approx-
imation. In Fig. 1 we show the muon flux for muons
from the semileptonic decay of pions (at 0° and 90°) and
charm particles. The fluxes of conventional muons from
pion decay have been calculated by several groups and are
in agreement with the data [8,9]. The upper curve, cal-
culated from the quark-gluon string model (QGSM) [10],
ostensibly disagrees with the data; we return to this fur-
ther on. The flux of muons of charm origin are evaluated
for a variety of models [11,12,10]. At the energies con-
sidered charmed mesons decay in their first interaction
length. As a result muon production is independent of
zenith angle. Pions and kaons, on the contrary, produce
a muon flux which behaves roughly like secf.

High energy muons propagate through the atmosphere
and lose energy by radiating bremsstrahlung photons of
energy E,(= yE,). The photon initiates an electromag-
netic cascade. The number of electrons in the shower
peaks at a depth z ~ In(E,/E.) gcm™2 and decreases
exponentially after shower maximum. Here E. is the
critical electromagnetic shower energy of 74 MeV. The
number of electrons as a function of the depth and the
initial photon energy is well parametrized by the Greisen

function:
J
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FIG. 2. Integral shower rate as a function of the shower
size from pions (dotted line) and from charm (same notation
as in Fig. 1) Also shown are data from a Tokyo University
measurement [17].
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In cosmic ray experiments it is customary to quote the
observed number N, of electrons and positrons in the
horizontal shower rather than the energy of the photon
which is given by inversion of the above equation. To a
good approximation the energy of the photon, in GeV
units, is given by 2N..

The rates of horizontal cascades with fixed shower size
N, are obtained by integration of the parent muon flux,
the y-differential cross section of the corresponding inter-
action and the atmospheric depth z:

N.(E,z) = (9)

Tmax g E.(N..z)\ do dE
$un(Ne) :/o dx/o ?yd’“ (E“ N M) idmf (10)

Y

¢sh(Ne) is the differential number of showers per unit time area and solid angle for fixed number of electrons N..
#u(E,) is the differential flux of muons at energy E, and do/dy is the differential bremsstrahlung cross section for
muons in air. For more details see Ref. [8]. Our results are shown in Fig. 2 where we plot the integral shower rate

produced by muons from pions (at 0° and 90°) and from charm as a function of the shower size.
Finally, the number of observed showers above a given energy and angle is given by

oo Qo

Nyn(Ne > Nuo,0 > 0p) =T / dN.A(N.)

Neo 0

where A(N.) is the effective area of the array and T is
the observation time.

III. RESULTS

We now study the implications for the charm cross sec-
tion from the fact that the Akeno air shower array failed
to observe horizontal air showers generated by muons of
charm origin above an energy threshold N, = 10°-10°. It
is easy to estimate [13] that the data is sensitive to initial
proton energies one order of magnitude larger than the

dQ psn(Ne, 0), (11)

[

muon energy. Our detailed simulation reproduces this re-
sult and we can therefore establish a bound on the charm
cross section at energies of order Ej,, ~ 103-10* TeV
(vs = 1-5 TeV). Our conclusions are summarized in
Figs. 3 and 4. Figure 3 shows our final result as an up-
per bound on the charm cross section obtained by com-
paring a variety of extrapolations of the accelerator data
[14] with the published bound on horizontal air showers.
We fitted the accelerator data in Fig. 3 with a function
that reproduces the charm cross section up to some en-
ergy Ecut, 102 < E.yy < 102 GeV. Above this energy we
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FIG. 3. Total charm quark production cross section vs

c.m. and laboratory energy. The shaded band represents
the upper bound on the cross section obtained by requiring
that extrapolations of the accelerator data accommodate the
failure of the Akeno cosmic ray experiment to detect muon
decay of charm particles. The width of the band reflects the
use of a variety of zp distributions in the derivation of the
bounds. The upper (lower) edge of the bands correspond to
the steepest (flattest) assumption for the zr distribution.
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FIG. 4. Total charm quark production cross section vs
the c.m. and laboratory energy for several models. The solid
(dashed) line is the prediction from perturbative QCD to or-
der O(a?) with KMRSDO (KMRSD ™) structure functions and
m. = 1.3 GeV. The dotted line represents the result of the
same calculation using the structure functions from Ref. [12]
and m. = 1.6 GeV. In all cases the scale of both as; and the
structure functions is Q% = 9 GeV2. Dot-dashed lines are the
nonperturbative results from the quark-gluon string model
for two parameters values ay = —2.2 (upper) and ay = 0
(lower). Also shown is a compilation of experimental data
from Ref. [14] and our bounds (shaded bands). Upper and
lower band correspond to the limit using a z7 distribution
do/dxp ~ (1 — zp)™ for n = 40,10 respectively. The mid-
dle band represents the limit obtained with the more realistic
zF distribution from perturbative QCD and the quark-gluon
string model. The bands span the sensitivity range of the
Akeno data.

extrapolated the cross section using a variety of asymp-
totic parametrizations of the generic form a In™(s)+b and
as™+b where a and b are chosen to ensure the continuity
of the cross section and the slope at E = E.y;. The tran-
sition energy and the asymptotic behavior were varied as
independent parameters. We verified that the result is
insensitive to the parametrization.

The derivation does, however, require an assumption
for the zr dependence of the inclusive charm cross sec-
tion. The bands representing the bounds in Figs. 3 and 4
reflect this ambiguity, which has been modeled using the
z distributions for D mesons from extreme predictions
ranging from the quark-gluon string model to perturba-
tive QCD. These zr distributions are compiled in Fig. 5.
From the figure we conclude that the bounds are domi-
nated by charm production in the zr ~ 0.1 region. In
terms of a (1 — zr)™ parametrization our range of as-
sumptions for the zz distribution includes n = 10-40,
thus generously covering the ambiguities associated with
the gluon structure function in the relevant energy range;
see Fig. 5. In the end the ambiguity is less than a factor
of 2. Deriving the bound with a flatter zz distribution
will strengthen it as seen in Fig. 4. A flatter distribution
would fall outside the expectations of perturbative QCD
but could, for instance, be associated with the forward
production of A.; see, e.g., Appel in Ref. [14]. The for-
ward baryon is more effective at producing high energy
muons and as a consequence the absence of a positive sig-
nal can only be accommodated with a smaller production
cross section. This trend is, however, offset by a reduc-
tion of the A, semileptonic branching ratio by a factor of
3.

The actual prediction for the integral number of hor-
izontal air showers at 6 > 60° corresponding to the
bounds on the charm cross section shown in Fig. 3, is
shown in Fig. 6 along with predictions from a variety of
models for charm production. Also shown is the present
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FIG. 5. =z distribution of charm particles produced by a
cosmic ray flux with a power law spectrum at a c.m. energy of
E.m. = 1 TeV. The dotted lines, shown for comparison, rep-
resent the Feynman-z distribution (z}/0)do /dzF for the sim-
ple parametrization (1/0)do/dzr = (1—zF)" (n = 5,10,40).
Dashed and solid lines are the KMRSD~ and KMRSDO pre-
diction respectively. Dotted line is the prediction from Ref.
[12]. Dot-dashed lines are the result for the QGSM.
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FIG. 6. Integral number of horizontal showers (shower
size > N.) for zenith angles greater than 60° as a function
of shower size. The shaded area corresponds to the minimum
number of showers initiated by prompt muons from charm
decay for the cross sections shown in Fig. 3. The other curves
are the predictions for the different models in Fig. 4 (using the
same notation and value of the parameters). Also shown is
the limit from the Akeno air shower experiment for N. = 10°.

experimental upper limit on the horizontal air shower
rates. This limit is established on the basis of less than
two detected showers with N, > 10° at § > 60° in
T = 1.07 x 108 s. The bounds should be treated with
caution as it is subject to the usual statistics of small
numbers.

It can be seen from Fig. 6 that our calculation predicts
two showers above N, = 10° from conventional pion de-
cay origin. The experiment actually observed two. With
a larger event sample one can differentiate the pion or
charm origin of the horizontal showers by their contrast-
ing zenith angle distributions. This is not possible with
two events and therefore, in establishing a bound, we
therefore allowed for the possibility that they are actu-
ally initiated by charm particles. Note that the predic-
tions of the quark-gluon string model for both muons and
horizontal showers from pion decay exceed the experi-
mental observations; see Figs. 1 and 6. The model can
be made consistent with observation by assuming that
a significant fraction of the primaries are heavy nuclei
rather than protons. Dividing the primary energy into
approximately A nucleon showers of energy E/A shifts
the predicted fluxes to lower muon(shower) energy thus
avoiding the conflict with the data. This illustrates how
the arguments in this paper can be turned around. In the
presence of a measurement of the inclusive pion or charm
cross sections at future colliders, the data in Figs. 1 and
6 can be used to determine the unknown chemical com-
position of the cosmic rays in this energy range.

From a theoretical point of view our results, though
qualitative, are interesting. As shown in Fig. 4 the bound
is saturated by a straightforward perturbative calcula-
tion of the charm cross section to order O(a3) using the
Kwiecinski-Martin-Roberts-Stirling set D~ (KMRSD™)

structure functions [11]. The bound does not allow for

large enhancements in the cross section or in the growth
of the gluon structure function at small values of z be-
yond what is implied by the scaling 1/z!% prediction as-
sumed in the KMRSD ™~ parametrization. Both had been
widely predicted in the literature. Also, the fact that
the next-to-leading-order contribution to the cross sec-
tion is of the same order as the leading-order result led
to speculation of further enhancements associated with
the resummation of large logarithms In(y/s/m.). For il-
lustration we have plotted the prediction for the charm
cross section obtained from perturbative QCD to order
O(a?) with structure functions growing as 1/z (KMRS
set DO), and 1/z'-5 (KMRSD ™ and Nason [12}]) together
with the nonperturbative result from the quark-gluon
string model for two sets of parameters (ag = 0, —2.18)
[10].

Is it possible to relax this bound? In deriving our
bound we assumed that all high energy cosmic rays are
protons. It is experimentally known that the cosmic ray
spectrum is dominated by protons up to 100 TeV. Above
this energy the composition is unknown. Introducing
heavy primaries in the spectrum has, to a first approxi-
mation, the effect of replacing protons of energy F by
A protons of energy F/A as already discussed above.
These are less efficient at producing muons above the
fixed threshold set by the experiment and our bound on
the production cross section will be relaxed. We illus-
trate the sensitivity to composition introducing an ex-
treme assumption. In order to accommodate cosmic ray
observations without having to claim the appearance of
“anomalies” such as the celebrated Centauro phenomena,
the Fuji [15] group has assumed that 40% of the cosmic
rays are heavy nuclei. We will follow this lead and make
the further extreme assumption that all nuclei are iron.
The net effect is to relax the bound in Fig. 3 by a fac-
tor 1.6-2 depending on the energy, allowing also a faster
growth.

In summary, while we do not know of any credible
way to weaken the bound we presented by more than “a
factor,” it should hold in a qualitative sense. The pro-
duction of forward particles will, on the contrary, con-
siderably strengthen it. Evidence for forward production
of charmed baryons and mesons has been presented in
several experiments. Especially a component of forward
D mesons with a harder energy spectrum should signif-
icantly strengthen the upper limit on charm hadropro-
duction we derived from horizontal air showers.

Consequences of relevance to future experiments both
in collider physics and high energy astrophysics can be
derived from our result. Our bound translates into a
charm cross section of the order ¢ =~ 4-10 mb at CERN
Large Hadron Collider (LHC) and SSC energies. As
pointed out the perspectives for the direct observation
of T neutrinos, predominantly produced via the leptonic
decay of strange charmed D mesons, depend crucially on
the value of this cross section [1]. An estimate yields a
number of neutrino interactions of the order 1000 (600)
at LHC (SSC) per year.

The limit is consistent with the charm cross section de-
rived from the observation of a penetrating component
in cosmic-ray-induced showers, the so-called long-flying
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component. Several other cosmic ray experiments have
found indirect evidence for very large charm cross sec-
tions in the 10-100 TeV energy range. Our results do
not support these claims [18].

Finally, the production of high energy neutrinos by
charmed particles produced in the atmosphere has been
identified as a potential background in the high energy
neutrino telescopes presently under construction. The
results derived in this paper are directly relevant and re-
assuring. Our results clearly imply that the observation
of charm is within easy reach of air shower arrays having
good acceptance at large angles. Also, existing under-
ground experiments are in principle sensitive to the high
energy muons discussed here [8].
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