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1 Introduction

High energy neutrino production occurs in a variety of contexts. Accelerator physics
experiments have used neutrino beams with average energies ranging up to ~ 350
GeV incident neutrino energy [1]. Neutrino fluxes produced as secondary particles
from cosmic ray interactions in the atmosphere have been observed in a variety of
underground experiments, including Super Kamiokande [2], MINOS [3] and IceCube
[4, 5]. Indeed, the mismatch between the theoretically predicted flux of muon neu-
trinos which travel through the diameter of the Earth and the actual measured flux
led to the discovery of neutrino oscillations and the mass-squared difference of muon
and tau neutrinos [2].

The neutrino production process is essentially the same for neutrino beams whether
in accelerator laboratories or astrophysical and cosmic sources. Accelerated protons
or ions interact with nucleon or nuclear targets. Pions, kaons and other mesons are
produced. Some of these mesons decay to neutrinos. In astrophysical sources, the
targets may also be photons. The highest energy neutrino fluxes are predicted theo-
retically from cosmic ray interactions with the cosmic microwave background. With
such low energy photon targets, the neutrinos come mainly from A™* production near
threshold and subsequent decay, strongly boosted because the the ultrahigh cosmic
ray energies required to produce the A’s. These neutrinos are sometimes called GZK
(Greisen, Zatsepin, Kuzmin) or cosmogenic neutrinos [6].

With the exception of the GZK neutrinos, important ingredients in the theoretical
predictions of the neutrino flux are the hadronic cross sections for meson production
and the longitudinal energy distributions of those mesons. A review of the inputs and
uncertainties in the evaluation of the atmospheric lepton flux, primarily from pion and
kaon decay at low energies, appears in Ref. [7]. A nice description of semi-analytic
evaluations of the contributions of pion and kaon decay to the atmospheric lepton
fluxes is given in Ref. [8]. At higher energies, charm production and decay can make
significant contributions to the lepton fluxes in both the atmospheric neutrino flux



and the flux of neutrinos from astrophysical sources. The key element is the short
charmed meson lifetime. Despite the low cross section for c¢¢ production relative to
pion and kaon production, the fact that there is an energy range where all the charmed
mesons decay while few of the pions and kaons decay permits the neutrino flux from
charm to dominate at those energies (see, e.g., Ref. [9]).

As the underground neutrino telescope IceCube has progressed to include a sub-
stantial fraction of its design volume of one kilometer-cubed, the collaboration has
presented their results for the atmospheric flux in the range of 10° — 10° GeV [4, 5].
This is precisely the energy range where neutrinos from atmospheric charm may begin
to dominate over neutrinos from pions and kaons. The Large Hadron Collider (LHC),
currently with /s = 7 TeV, probes an equivalent cosmic ray energy on a stationary
target of £ = 2.6 x 107 GeV. The ALICE Collaboration has reported the cross sec-
tion for o for /s = 2.76 TeV and 7 TeV [10] that can constrain models of charm
production used in evaluations of the atmospheric neutrino flux at high energies. It
makes a reevaluation of the atmospheric neutrino flux from charm a useful activity.

In this paper, a sketch of the atmospheric neutrino flux evaluation is presented.
Our results rely on a dipole model evaluation of the hadronic charm pair cross section
[11]. In the next section, we sketch the ingredients in the evaluation of the atmospheric
lepton fluxes. The details of the calculation of the charm cross section and energy
distribution in proton-air collisions was discussed by R. Enberg in this conference. In
the third section, a brief discussion of charm production and decay to neutrinos in
the context of astrophysical sources is presented [12]. We conclude with a summary
in Section 4.

2 Atmospheric lepton fluxes

As noted above, the atmospheric lepton flux arises from the decays of particles pro-
duced by cosmic ray interactions in the Earth’s atmosphere. We briefly review here
the semi-analytic approach [8, 13]. To first approximation, the incident flux can be
characterized by a broken power law, with spectral index o and normalization A, as
8, 13]

A
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For E < 5x10% GeV, A= 1.7 and o ~ 2.7, while for £ > 5x 10° GeV, A = 174 and
a ~ 3. The incident protons interact with air nuclei to produce mesons: pions, kaon,
charmed mesons, etc. As we will sketch below, depending on the characteristic scales
at a given energy, the atmospheric lepton flux scales approximately as £~% or as
E~(@+1)_ This scaling behavior is slightly modified by energy dependence in hadronic
cross sections and by the feed down of the break in the cosmic ray spectrum.

(cm®ssr GeV) ™! . (1)



The energy scaling is best understood by considering column depths and interac-
tion lengths. We define the column depth by

X = /Oi ' p(h(¢',0)) 2)

for the atmospheric density p(h) which depends on altitude h. To first approximation,
the atmospheric density can be described by an exponential: p ~ pgexp(—h/hg) for
scale height hg = 6.4 km and py = 2 x 107 g/cm?. For an exponential atmosphere,
the column depth and density are related by

hop(h)/cos® = X (h,0).

Cosmic ray protons incident on the atmosphere have a cross section with air nuclei
((A) = 14.5) of 0,4 ~ 300 mb, so they have an interaction length of A\ ~ 80 g/cm?.
For vertically incident cosmic rays, this corresponds to a height of interaction of
h ~ 15 km.

The probability for a meson M to decay depends on its energy. For low energy
mesons, all the mesons will decay so Pio"¥ ~ 1, while for high energy mesons where
Eyery/myy > h ~ 15 km or hy, P;;fhE ~ homa/(Eyerar) = EM/Ey. High energy
meson also interact with air nuclei in transit.

The energy in the denominator of P12"" is the origin of the flux scaling as ¢, ~
E~(+1) for leptons from high energy mesons, while for neutrinos from low energy
mesons, the energy scaling is ¢, ~ E~*. In Table 1, we show the critical energies EM
for vertical mesons. For E, < EM for a given meson, the low energy flux behavior is
appropriate. An extra power of energy suppresses the neutrino flux for £, > EM.

As Table 1 shows, the critical energy for charmed mesons is quite large. While
the charm production cross section is low relative to, for example, pion production,
the extra power of energy in the flux allows the charm contribution to “catch up” to
the other meson contributions. The neutrino flux from pion and kaon decay is called
the “conventional flux,” while the neutrino flux from charmed meson decay is called
the “prompt flux.”

More quantitatively, we reproduce the general approximate formulas for the at-
mospheric neutrino fluxes [8, 13]. They depend on the meson production cross section
via

o0 ~(E)dn(N — M; E' E
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and Ay = (Naon/A)™! is the cosmic ray interaction length for protons in air. The
low and high energy fluxes, from cosmic rays N which produce meson M, followed
by M — v X decays, are
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where Ay = Ay/(1 — Zyn). The Z-moments 7, are defined with respect to the
energy distribution of the neutrino from the meson decay, rather than with differential
cross sections.

A key feature in these expressions is that the charm pair production cross sec-
tion is dominated by energies near threshold. At high energies, this means that one
needs parton distribution functions at small Bjorken z in the parton model approach.
Prompt fluxes based on next-to-leading order QCD calculations with small x par-
ton distribution function extrapolations appear in, for example, Refs. [14, 15, 16].
Further discussions of small = contributions also appear in Ref. [17]. The dipole
approximation is another approach that models the low x behavior. Guided by a
QCD motivated form [18] that accounts for gluon fluctuations to heavy quarks [19]
and based on a parameterization from Ref. [20], we have evaluated the prompt flux
of neutrinos from charm in Ref. [11]. The prompt flux based on this dipole model
(DM) approach to charm production is shown in Fig. 1 by the solid lines. There
is a range of predictions due to uncertainties in the value of the charm quark mass,
the dipole parameters and scales, and the gluon parton distribution function. For
comparison, the vertical conventional muon neutrino plus antineutrino flux from Ref.
[7] is shown in Fig. 1 by the dashed line. More details of the dipole model evaluation
were discussed in the talk by R. Enberg in this conference.

The IceCube Collaboration has published limits on a diffuse flux of astrophysical
muon neutrinos [5] which requires an understanding of the atmospheric neutrino flux.
In Ref. [5], IceCube shows limits on the prompt flux, and they are able to exclude

Meson (M) Critical Energy EM
Charged Pion 7 115 GeV
Charged Kaon K+ 850 GeV
Charged Charmed Meson D* 3.8 x 107 GeV
Neutral Charmed Meson DO,EO 9.6 x 107 GeV

Strange Charged Charmed Meson DF 8.5 x 107 GeV

Table 1: Critical energies for vertical atmospheric neutrino flux contributions from
meson decays. See, for example, Ref. [9].
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Figure 1: Vertical muon neutrino plus antineutrino flux from Ref. [11]. The solid
lines show the range of predictions of neutrinos from charm evaluated using the dipole
model (DM). The dashed line shows the vertical flux from Gaisser and Honda (GH)
in Ref. [7].

some of the the prompt flux predictions. Their analysis used an extrapolation the
conventional neutrino spectrum of Honda et al. from Ref. [21]. As noted in Ref. [5],
one expects that the steepening of the incident cosmic ray spectrum and changes in
the cosmic ray composition will modify the extrapolation, so one should not regard
the limits on the prompt flux in Ref. [5] as the final word.

In addition to the neutrino flux, there has been recent interest in prompt contri-
butions to the atmospheric muon flux. With the muon lifetime equal to 2.2 x 1076 s,
the decay length including time dilation is longer than 15 km (altitude of production)
for £, > 2.4 GeV, so muons can be treated as essentially stable particles at higher
energies. In the three-body decays of charmed mesons, the muon energy distribution
is essential the same as the muon neutrino and electron neutrino energy distributions.
To a good approximation, the charm contribution to the atmospheric muon flux at
high energies is thus equal to its contribution to the muon neutrino flux. Illana,



Lipari Masip and Meloni noted in Ref. [22] that unflavored mesons with prompt
electromagnetic decays could provide a significant portion of the prompt muon flux.
Their evaluation of 1, 1, p° and w production and decay to u*u~ lead to the prompt
electromagnetic component dominating the conventional muon flux for £ ~ 1.5 x 10°
GeV. High energy comparisons of the prompt muon and prompt neutrino fluxes will
ultimately test this prediction, since in the absence of the prompt electromagnetic
decays, the prompt muon and muon neutrino fluxes are equal.

3 Astrophysical neutrino fluxes

The eventual dominance of charm contribution to neutrino fluxes can also occur in
astrophysical sources. Any site where pions are produced is also potentially a site
where charmed particles can also be produced. The typical astrophysical source has
an astrophysical accelerator which accelerates cosmic rays with a spectrum scaling as
E~2 for Fermi shock acceleration [13]. There are generally nucleon targets and often
photon targets, where

pp — 70, 7F K*, DF, etc

+

py — AT =T ete

followed by decays. With astrophysical sources, the cosmic rays may be screened
(hidden sources), or they may escape along with photons (transparent sources), or
it may be an intermediate situation. Generally, however, neutrinos do escape the
source.

In Ref. [12], we have looked at two types of sources: a slow jet supernova (SJS)
(23], in which a mildly relativistic jet does not emerge from the source, and a gamma
ray burst (GRB) with a highly relativistic jet and escaping photons [24]. Neutrinos
may be the only signals of slow jet supernovae.

The energy behavior of the neutrino flux has similar qualitative features to the
atmospheric neutrino flux, with some additional corrections due to hadronic cooling
(and py interactions) and radiative cooling due to the large magnetic fields. As
discussed in Ref. [25], for sources where the neutrinos come from pp interactions, the
scaling is approximately

¢, ~ FE? decay dominated
~ E_3 thadronic/tdecay <1

—4
~ B tradiative/tdecay < 75had'rom’c/tdecay <l1l.

The shortest characteristic time gives the most important process, eventually leading
to a steep flux that cuts off at an energy that is also governed by the maximum
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Figure 2: Flux of neutrinos from production and decay of mesons in a slow jet super-
nova model, from Ref. [12].

proton energy. Neutrino flux calculations from astrophysical sources have an extensive
literature, including Ref. [25, 26, 27] and [28].

We have used the Z-moment method to evaluate the contributions from a number
of meson decays to the neutrino flux. We used the dipole model evaluation of Z,p from
Ref. [11] with a further approximation that it is constant in energy. Our evaluation of
the neutrino flux, including charm meson contributions, from an astrophysical source
was normalized to a source distance of 20 Mpc and jet luminosity of 3 x 10%° erg/s.
The SJS has a magnetic field B’ = 1.2 x 10° G in the frame co-moving with the
jet with bulk Lorentz factor of the jet I'; = 3. The GRB model for this calculation
has B’ = 1.1 x 107 G and I'; = 100. Another distinction is the photon distribution,
which is thermal for the SJS, but non-thermal for the GRB. Further details of the
parameters appear in Ref. [12].

The SJS model has a prominent contribution from charm decay at high energy,
while at low energies, pion and kaon contributions dominate, as shown in Fig. 2
which also appears in Ref. [12]. The py contributions are small, because the photons



are thermalized. Ultimately, the turn over in the flux comes from the fact that the
proton energy is cut off because of proton cooling. In Ref. [29], the diffuse flux of
neutrinos from SJS sources is discussed.

In the GRB model considered here, py contributions are comparable to pp con-
tributions to pion and kaon production. Charm production and decay have a small
contribution beyond the “conventional” contributions.
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Figure 3: Flux of neutrinos from production and decay of mesons in a gamma ray
burst model, from Ref. [12].

In the figures, we show the sum of muon neutrino plus antineutrino fluxes without
including oscillation effects. Interesting oscillation phenomena both within the source
and in transit to Earth have been studied, for example in Ref. [30].

4 Discussion

While the atmospheric neutrino flux is a background to searches for a diffuse astro-
physical neutrino fluxes or fluxes from point sources, atmospheric leptons are intrinsi-
cally interesting probes of hadron physics at high energies. As the LHC experiments



probe new regions in kinematic variables, the cross sections and energy distributions
used to evaluate the atmospheric lepton fluxes will be reexamined. The detailed cal-
culation of neutrino fluxes from astrophysical sources is more speculative, however,
given that cosmic rays are accelerated to high energies, one expects accompanying
neutrinos. We may be able to learn more about cosmic ray sources from their accom-
panying neutrinos, including the prompt contributions.

I am grateful to Rikard Enberg and Ina Sarcevic for their continued collaboration
with me on this topic. This work is supported in part by DOE contract DE-FG02-
91ER40664.
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