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Cosmic rays and atmospheric interactions

* Cosmic-ray particles are highly
energetic protons, helium, and
e other heavier nuclei that can
e . : interact with air nuclei.

* These N-Air interactions produce
" various secondary particles that
can decay or interact again.

=20 000, .

* These secondary particles decay
to produce leptons and the
corresponding neutrinos.

=10 000

All flux calculations are made using
MCEq” with the SIBYLL-2.3c
interaction model and
Hillas-Gaisser2012(H3a)
primary cosmic-ray flux model.

Source: Gomez Toro 2014

“https://github.com/mceq-project/MCEq.git
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Atmospheric lepton flux

The atmospheric flux of leptons is a sum of contributions from the decay of
various unstable particles:

¢l — ¢?0nvcntional + QS?rOmpt
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Atmospheric lepton flux
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Atmospheric muon flux and prompt neutrino limit
from IceCube
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Left: Angle-averaged muon flux for 6,,, < 60° from MCEq and IceCube
data with bin-by-bin error bars (Soldin et al. 2024; Soldin 2019; Aartsen
et al. 2016a).

Right: Angle-averaged prompt neutrino spectrum from charm and upper
limit on the prompt neutrino flux set by IceCube (Aartsen et al. 2016b).
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Introduce intrinsic charm (IC)?

* Intrinsic charm arises from the non-perturbative fluctuations of the
nucleon states into four quark — one antiquark states.

* So, the proton (neutron) is assumed to have a Fock state decomposition
of the following form:

luud) + C,,,;, luudce)

ludd) + C;,,y, |uddce)

ntr

where, the overall weight of the Fock state containing the

non-perturbative fluctuations (C;,,,,.) is small but non-negligible.

* When CR nucleons interact with air nuclei in the atmosphere,
hadronization of the five-quark state takes place with processes like

pA = D A XandnA — DAY X
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IC models

We write the differential cross section for nucleon-air production of charm
hadron A, via non-perturbative intrinsic charm as

doetintr) (E, xhc)

p—air

tr)
dxhc = wlntr p— ur( )fhmr ( ’ C)’

We use the Regge ansatz (Kaidalov and Piskunova 1986; Kaidalov 2003) for
intrinsic charm where the form of the intrinsic charm fragmentation

function, fi™ () is given as:

fin(@) = Nygea (1 =) owt20en)
N [(—2a, +4 —2ay)
" D(—ay + DI (—ay +3—2ay) |
Results shown are obtained by using a,, = —2and ay = —0.5

l IOWA Laksha Pradip Das




We assume for the Regge ansatz that

5 @p) = " )
@) = 0 —a,).

These functions are shown in the figure below,
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All-sky prompt atmospheric muon neutrino flux including intrinsic charm

contribution with the weight w¢, = 3.91 x 1073,
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Bottom: Comparison
of prompt neutrino
10-3 spectrum (v, + v,,)
with the upper limit
M after including

intrinsic charm
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Top: Comparison of
angle-averaged muon
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IceCube data after
including intrinsic
charm contribution
with

wé, = 4.46 x 1074,
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Bottom: Comparison
of prompt neutrino
spectrum (v, + v,,)
with the upper limit
after including
intrinsic charm

contribution with
we, = 4.46 x 107%.
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Top: The angle
averaged muon flux
after including
intrinsic charm
contribution with
we, = 4.46 x 107*
and scaling the
unflavored flux by a
best-fit parameter of

Ayl = 4.39.

Bottom: Without any
intrinsic charm
contribution and
scaling the unflavored
flux by a best-fit
parameter of

Qg = 4.84.




Effects of including intrinsic charm

Table 1: Best fit values of wf,,. for model-dependent fit to angle averaged muon

energy spectrum along with the 1 o interval.

| Model Best fit we, (x107) 1o interval (x1073) |
Regge 1(a, = —2,a = —0.5) 3.91 2.93 —4.89
Regge 2(a,, = —2,ay = 0) 3.53 2.65 —4.42
Hobbs, Londergan, and Melnitchouk 2014(HLM)' 3.02 2.26 —3.77

!Preliminary results
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Effects of including intrinsic charm

Table 1: Best fit values of wf,,. for model-dependent fit to angle averaged muon
energy spectrum along with the 1 o interval.

| Model Best fit we, (x107) 1o interval (x1073) |
Regge 1(a, = —2,a = —0.5) 3.91 2.93 —4.89
Regge 2(a,, = —2,ay = 0) 3.53 2.65 —4.42
Hobbs, Londergan, and Melnitchouk 2014(HLM)' 3.02 2.26 —3.77

Table 2: Best fit values for the scaling factor of the unflavored flux if we use w™

c

needed to meet the neutrino upper limit, along with the 1o interval. For no intrinsic
charm, we have oy,; = 4.84 and 1o interval is 3.85 — 5.83

| Model W (x107%)  Bestfita,, 1o interval |
Regge 1(a, = —2,a,, = —0.5) 4.46 439 3.40- 538
Regge 2(a,, = —2,a,, = 0) 4.15 438 3.39-537
HLM! 3.69 436 3.37-535

!Preliminary results
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Summary

jl IOWA

Using w¢, = 3.91 x 1072 gives a good match between the atmospheric
muon flux measured by IceCube and the theoretical estimation using
MCEq. However, the prompt neutrino flux exceeds the upper limit set
by IceCube.

When we use w¢,. = 4.46 x 104, the prompt muon neutrino flux is
within the upper limit; however, there remains a discrepancy between

the observed and calculated atmospheric muon flux.

There are uncertainties in the muon flux from unflavored mesons. We
tried to rescale the unflavored flux by a factor o5 to match the
calculated and observed muon flux. The results are included in Table 2.

Large experimental error bars at high energies make a conclusive
statement about the level of prompt contribution difficult.
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