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The atmospheric neutrino flux at very high energies is dominated by prompt neutrinos, mostly
contributed by the decays of charmed hadrons produced in the forward direction by cosmic ray
interactions with air nuclei. Theoretical predictions of the prompt atmospheric neutrino flux have
large uncertainties mainly related to charm hadron production. Prompt neutrinos can also be
studied through high-energy colliders. In particular, two ongoing forward experiments and the
proposed Forward Physics Facility at the LHC can detect forward prompt neutrinos. We will
present the kinematic regions relevant to the prompt atmospheric neutrino flux in terms of collider
kinematic variables, the collision energy +/s and the charm hadron’s center-of-mass rapidity y,
and discuss implications of the forward experiments at the LHC on the theoretical predictions of
the prompt atmospheric neutrino flux.
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1. Introduction

Cosmic ray interactions in the Earth’s atmosphere produce a cascade of various particles,
some of which decay into neutrinos, called atmospheric neutrinos. Due to broad energy spectrum
of cosmic rays, atmospheric neutrinos generated from their interactions are also distributed in a
wide energy range. Typical particles that create atmospheric neutrinos are charged pions (7*) and
kaons (K*). Neutrinos from these light meson decays are referred to as conventional neutrinos and
distributed at relatively low energies dominating the atmospheric neutrino flux up to ~ 10° GeV.
On the other hand, at very high energies, neutrinos are also produced from heavier hadrons that
contain a heavy quark, which are called prompt neutrinos and come mostly from charm hadrons.

Pions and kaons are relatively long-lived particles, and their decay lengths become longer as
energy increases. Then, they are likely to lose energy through the interactions with other particles
until they decay. As a result, the flux of conventional atmospheric neutrinos rapidly decreases
with energy. By comparison, the decay lengths of charm hadrons are extremely short even at high
energies, therefore they immediately decay and the prompt atmospheric neutrino flux has a harder
energy spectrum than the conventional flux. Consequently, the fluxes of conventional neutrinos
and prompt neutrinos cross over at a certain energy. From various theoretical evaluations, the
cross-over energy is expected to be in the range of E, ~ 10° — 10® GeV [1-10] for muon neutrinos
and antineutrinos. In this energy region, high-energy neutrinos from astrophysical sources have
been observed by IceCube as a diffuse flux [11-13], for which the prompt atmospheric neutrino can
be the primary background. At present, analyses of observational data based on existing models of
astrophysical neutrino fluxes indicate that the atmospheric neutrino flux can be described by only
conventional neutrinos. Prompt atmospheric neutrinos have not been detected yet, and there are
only predictions from theoretical evaluations, which have currently large uncertainties. Two of the
most important components that are responsible for large uncertainties are the incident cosmic-ray
spectrum and heavy-flavor production.

Today, prompt neutrinos can be probed through high energy colliders as well. Over the past
few years, two neutrino experiments have been prepared and installed at the LHC, FASERv [14] and
SND@LHC [15, 16]. The detectors are located at a distance of 480 m from the ATLAS interaction
point, one of the four proton beam collision points. They are designed to detect neutrinos produced
from the pp collisions and emitted into very forward direction. Both experiments started last year
and recently reported the detection of collider neutrinos for the first time from the data collected
during 2022 [17, 18]. These experiments will be continuously operating during the Run 3 of the
LHC. In the meantime, a set of next-stage experiments for the High-Luminosity era of the LHC
(HL-LHC) have been proposed as a collective project under the name of Forward Physics Facility
(FPF) [19, 20]. The FPF will include three neutrino experiments: the expanded versions of current
experiments, FASERv2, AdvSND and an additional liquid Argon detector FLArE, locating the
detectors at a distance of 620-685 m from the ATLAS interaction point.

At the FPF, the prompt neutrinos could be studied with very high statistics. The estimated
number of neutrino interactions in FPF detectors are ~ 10° for muon neutrinos and O(10°) for
electron neutrinos [20]. The LHC at the HL-LHC stage will be run with the collision energy
/s = 14 TeV, which is equivalent to an energy of ~ 10® GeV in a fixed-target frame. This energy is
in arelevant region to explore astrophysical neutrinos and prompt atmospheric neutrinos. Therefore,
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measurements of prompt neutrinos and study of the heavy-flavor production through forward
experiments at the LHC will help us to better understand and estimate the prompt atmospheric
neutrino fluxes. To demonstrate the relevance of the FPF for probing atmospheric neutrinos and
astrophysical neutrinos, in this work we investigate the kinematic regions for prompt atmospheric
neutrinos using collider variables, collision energy /s, and center-of-mass (CM) rapidity of charm
hadrons y.

2. Prompt atmospheric neutrino fluxes

Atmospheric neutrino fluxes can be evaluated using the so-called Z-moment method that gives
an approximate solution to the coupled cascade equations for incident cosmic rays, secondary
hadrons and leptons from the hadron decays. The cascade equations describe the propagation of
the high-energy particles in the atmosphere, given by

do;(E,X) _ _¢;(E.X)  ¢;(E,X)
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with ¢;(E, X) the flux of a particle j at the column depth X, and /lﬁ.dec) interaction (decay) length.

The source term S(k — j) involves the particle j produced by interaction or decay, and can be

expressed with the energy distribution of the produced particle, dn(k — j)/dE that depends on the

production process
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Under the assumption ¢ (E’, X) /¢ (E, X) = ¢ (E’,0) /¢ (E,0), eq. (2) can be approximated
in terms of energy dependent Z moment, the flux and interaction/decay length of the parent particle
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The resulting flux of atmospheric neutrinos can be obtained in terms of two approximate solutions
of the coupled cascade equations by
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v high | °’

(O +¢,%))

where the two fluxes in the low-energy and high-energy limits, ¢fiv and ¢21§1: ,, are expressed in

terms of the Z-moments, incident cosmic ray flux ¢?, and critical energy e as

ZphZn
low p v .0
= s 6
¢h—)v - 1 - pr P ( )
S _ ZpnZny I(An/Ap) € .
h—v - l—prl—Ap/AhE P



Prompt neutrinos from the atmosphere and colliders Yu Seon Jeong

1072¢
D
7
D
“y
9
£
Q
o
>
Q
<)
m‘&
& .
Conventional (Honda)
[ 9.82 x BERSS (IceCube, HESE 7.5 years)
1075 TR L et L et Ll L
10° 10* 10° 10° 107 108
E, [GeV]

Figure 1: The fluxes of promt atmospheric v, + v, from H3p, H3a and BPL cosmic-ray all-nucleon spectra.
Also shown are the conventional v,, + v, flux [23] and the IceCube upper limit on the prompt atmospheric
neutrino flux [13]. The figure is taken from ref. [10].

given the effective interaction length Ay = /li,;“ /(1 = Zii). The critical energy ex =~ (myc?ho/cty)
separates the energy into low-energy and high-energy regimes.

In evaluating the atmospheric neutrino fluxes, one of the main input factors is the incident
cosmic ray flux. A traditional parameterization is a broken power law (BPL) spectrum, which is
obtained under the assumption that the cosmic rays consist of only protons or nucleons. This is
useful for comparisons with prior work and results from others [1-10]. Modern parameterizations
of the cosmic ray spectrum are obtained considering different compositions and sources. Two
parameterizations most frequently used are referred to as H3p and H3a [21], which take into
account supernova remnants, galactic and extra-galactic sources for the origin of cosmic rays. The
difference between the two spectra is the composition of cosmic rays from the extra-galactic origin:
the H3p has only protons and the H3a has a mixed composition.

Another important factor is the heavy-flavor production cross section, which is input into
dn(k — j)/dE in eq. 4 to evaluate the Z-moments for production. This gives large uncertainties
in the Z-moments, and eventually in the prediction of prompt neutrino flux. There are several
approaches to evaluate the heavy-flavor production cross sections. In this work, adopting our
previous work [22], we use perturbative QCD at next-to-leading order (NLO) with massive charm,
QCD scales of (ug, ur) = (1, 2) mr and intrinsic transverse momentum smearing (k7) = 1.2 GeV.

Fig. 1 shows the predictions of the prompt atmospheric v, +V,, fluxes from charm hadron decays
evaluated with different cosmic ray spectra: BPL, H3p, and H3a. We also present the conventional
atmospheric neutrino flux [23] and the upper limit on the prompt v, + v, flux extracted by IceCube
from the analysis of 7.5 year data for high-energy starting events (HESE) [13]. The upper limit is
given by a scaling of the BERSS prediction [5]. As mentioned above, one can see that the cross-over
energy between the predictions of prompt and conventional atmospheric neutrino flux is between
10° - 10° GeV.



Prompt neutrinos from the atmosphere and colliders Yu Seon Jeong

-2
10 E—BEJKRSS‘ 16w GRRST 15 BEJKRSS16
[ === PROSA 19 = 1GMS I5 —— NLO pQCD
_ [+ BERSS 15 ERSO8 7t Dipole Model
T: | ® FEGRS 15(MCEq) - GMSP17 kr—factorization |
F " JBDGKR 2
-

CR:BPL, Vu+Wu

100 10*  10° 10° 100 108
E, [GeV]

Figure 2: Comparison of the prompt atmospheric neutrinos fluxes for v,, + v, from refs. [1-10].

In Fig. 2, we present some existing predictions evaluated by different groups using the BPL
cosmic ray spectrum including the result from this work, referred to as JBDGKR21 [9, 10]. As
shown in the figure, the uncertainty in the predictions of prompt flux is very large across the energy
whereas the impact by different cosmic ray spectra appears at E, > 10° GeV. This uncertainty
comes from various factors involved in the evaluation of the prompt flux. However, it is mostly
related to the charm hadron production cross section.

3. Connection with collider neutrinos

We use the BPL cosmic-ray spectrum to illustrate the impact of hadronic collisions at different
+/s and of charmed mesons produced in different CM rapidities on the prompt atmospheric neutrino
flux. The left panel of Fig. 3 shows the prompt atmospheric v, + v, fluxes for different values
=7, 14 and 100 TeV with the prediction evaluated
for the full range of v/s. The first two values are the respective energies for Run 1 and HL-LHC
of the LHC, and +/s = 100 TeV is the pp collision energy considered for the Future Circular
Collider (FCC). One can see that the maximum energy of the LHC cannot cover all the region for

of the maximum CM collision energy /s,

the prompt atmospheric neutrinos, while neutrinos from the 100 TeV collision energy contribute to
most of the energy region interesting for prompt atmospheric neutrinos. Although +/s = 14 TeV is
equivalent to about 100 PeV in a fixed target frame, the produced neutrinos are distributed at lower
energies. However, collisions at the LHC with this /s still allow to cover the interesting energy
region where the transition between conventional and prompt neutrinos occurs and a comparable
flux of astrophysical neutrinos exists.

In the right panel of Fig. 3, we show the contributions of charm hadrons produced in different
CM charm hadron rapidity regions to the prompt atmospheric neutrino fluxes evaluated using
the maximum collision energy /s, = 14 TeV. We divide the rapidity range into three parts:

2<y<45,45 <y <72andy > 7.2. The range of 2 < y < 4.5 is covered by the LHCb



Prompt neutrinos from the atmosphere and colliders Yu Seon Jeong

1072 ' . 102 ; ; ‘
\/Emux .7 — y:all ----- y>0 o 2<y<45
T VY, V,
— No cuts 7 TeV i i R — 45<y<T2 y>72
T R - 14TeV ----- 100 TeV s
4 v
- -3 — B _ :
[ 10 ol 1073k Vu+ Yy no cut on \ﬁmux ]
‘TE a
5 §
> >
[ 4 )
g 10 8
< M‘S
T R
1075 L L L A ' 10-5

. . £ L
10° 10* 10° 100 107 108 103 10* 10° 106 107 108
E, [GeV] E, [GeV]

Figure 3: The prompt flux of atmospheric v,, + v,, for different values of collision energies /s (left) and
from different charm meson rapidity ranges in pp collisions evaluated evaluated with /s < 14 TeV (right).
The BPL cosmic-ray spectrum is used in evaluation. The figures are taken from ref. [10].

experiment, which is most forward region for heavy-flavor production probed at the LHC so far. The
region of y > 7.2 can be explored by forward experiments, both the first stage experiments (FASERvy
and SND@LHC) and at the FPF. As shown in the figure, the prompt atmospheric neutrinos come
mostly from the charm produced in the rapidity region beyond the LHCb coverage for the energies
where the prompt atmospheric neutrinos are important. The contribution of the charm hadrons in
the rapidity of y > 7.2 is in the limited range of high energy.

We further focus on neutrinos that can be detected at the FPF, namely, we explore the neutrino
rapidity (17,,) greater than 7.2. The left panel of Fig. 4 shows the 7, distribution of muon neutrinos
from the DY + D° produced in the different charm hadron rapidity ranges from pp collision at
/s = 14 TeV. This indicates that, for neutrinos that are incident into the neutrino detectors of the
FPF at the LHC, charm hadrons produced in 4.5 < y < 7.2 contribute more than those in y > 7.2.
The right panel of Fig. 4 presents the CM frame energy (£},) distribution of neutrinos from D%+ DO
produced at the LHC with /s = 14 TeV. The solid histogram is for all neutrinos from D° + D? in
y > 2, while the dashed histograms are for the neutrinos toward the neutrino detectors of the FPF
(i.e. n, > 7.2) from the different D° + D° rapidity ranges discussed above. One can see that at very
high CM frame energies of £7, > 1 TeV, neutrinos detected at the FPF mostly come from the charm
hadrons produced at the LHC in y > 7.2. However, for hundreds GeV of E},, most contributions to
neutrinos at the FPF are predominantly from charm hadrons with 4.5 <y < 7.2, which is important
region for the prompt atmospheric neutrinos.

4. Discussion

We have investigated kinematic regions for prompt neutrinos produced in the atmosphere
in terms of center-of-mass collision energy +/s and collider-frame rapidity of charm hadrons y.
Focusing on the atmospheric neutrino energy range of 10° GeV < E, < 107 GeV, where the
prompt atmospheric neutrinos can be the main component of the atmospheric neutrino flux and
play a role as an important background to the diffuse astrophysical neutrino flux, we show there is a
kinematic overlap for prompt neutrino production in the atmosphere and at the LHC. Although the
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Figure 4: Left: the neutrino rapidity (1, distribution of v, + v, from D° + D° produced in the different
charm hadron rapidity ranges from pp collisions at 4/s = 14 TeV. The figure is taken from ref. [10]. Right:
the CM frame energy distribution of v, + ¥, produced in 77,, > 7.2 from the D + DY in different y, ranges.

LHC energy cannot contribute to the full energy region of prompt atmospheric neutrinos, it is high
enough to cover the important energy range mentioned above. In the energy range of 10° — 107 GeV,
prompt atmospheric neutrinos come mostly from the charm hadrons produced in the rapidity range
of 4.5 < y < 7.2, which is beyond the coverage of the current LHC experiments that measure charm
hadron production. However, the FPF can detect neutrinos from the decays of the charm hadrons
in this rapidity region.

The prompt neutrino measurement at the FPF will help to understand charm production,
constraining the parton distribution functions (PDFs) and QCD evaluations for heavy-flavor pro-
duction. Consequently, it will potentially improve predictions of prompt atmospheric neutrino
fluxes. Current analyses by IceCube with several existing models for astrophysical neutrino fluxes
are compatible with zero-background of prompt neutrinos. We can expect that the study of prompt
neutrinos at the FPF with abundant events will be able to test the assessment of the backgrounds to
the astrophysical neutrino flux, which may require modification of the astrophysical neutrino flux
models. Therefore, measurements of prompt neutrinos at the FPF of the LHC will shed light on the

study of astrophysical neutrinos.
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