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1. Introduction

The Large Hadron Collider (LHC) is a powerful source of neutrinos. In ?? collisions at the
LHC, a large number of neutrinos are produced in the forward direction. Two experiments, FASERa
[1] and SND@LHC [2] will be carried out to measure the interactions of these forward neutrinos
during the Run 3. Possible upgrades of these experiments and further additional experiments are
foreseen in a next stage, at the so-called Forward Physics Facility at the LHC. The high energy of
the LHC abundantly produces neutrinos from the decay of heavy flavor hadrons (prompt neutrinos),
even in the very large rapidity region (H & 6.5).

Prompt neutrinos can also be produced in the atmosphere. Various secondary hadrons from
the incident cosmic ray interaction with air nuclei produce neutrinos in their decays, known as
atmospheric neutrinos, over broad energy range. While most atmospheric neutrinos are from
c± and  ± decays (conventional neutrinos) and their spectrum covers relatively low energies, at
energies of �a & 1 PeV, the prompt component of atmospheric neutrinos dominates and plays a role
of the main background to astrophysical neutrinos probed by high energy neutrino observatories
such as IceCube and KM3NeT.

The prompt atmospheric neutrino fluxes have large uncertainties, and one of the main reason is
due to the poor understanding of heavy flavor production. The collision energy of

√
B = 13−14 TeV

corresponds to �? of the order of O(102 PeV) in the laboratory frame, which is the relevant energy
for astrophysical neutrinos and prompt atmospheric neutrinos. Therefore, measurements of heavy
flavor and prompt neutrino production at forward LHC experiments can contribute to reduce the
uncertainty in the theoretical predictions of the prompt atmospheric neutrino flux.

In this work, we evaluate the charm meson production cross section at next-to-leading order
(NLO) in perturbative QCD (pQCD) using the PROSA parton distribution functions (PDFs) [3]
with parameters that make the results well-matched to the measurements by the LHCb experiment
[4]. We examine the regions of collision energy

√
B and collider frame rapidity H relevant to prompt

atmospheric neutrino flux predictions. We also consider the impact of the small-G and large-G PDFs.

2. Charm production and PDF

Work is in progress [5] to assess the PDF and scale uncertainties in the prediction of the
forward (ag + āg) flux at the LHC [6] using the PROSA 2019 PDF sets as our default PDFs [3]. We
evaluate the charm meson production cross sections at next-to-leading order (NLO) in perturbative
QCD and compare the results with the LHCb data [4] to find optimal input parameters of theoretical
calculation. Fig. 1 presents the comparison between experimental data and theoretical predictions
for ?) distributions of the �0 + �̄0 production cross sections in different rapidity intervals. We find
that the LHCb data are well-described by the results with renormalization and factorization scales
(`', `� ) = (1, 2)<) and the Gaussian smearing parameter 〈:) 〉 = 1.2 GeV, where the transverse
mass <) equals to

(
?2
) ,2
+ <2

2

)1/2. These are presented with the blue solid histogram. Alternative
predictions are also shown for input parameters (`', `� ) = (1,1)<) ,2 and 〈:) 〉 = 0.7 GeV with
<) ,2 =

(
?2
) ,2
+ (2 <2)2

)1/2. One advantage of the latter input parameter set with respect to the
former one is that the optimal value of 〈:) 〉 is less than 1 GeV, so that it is natural to interpret
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Figure 1: The double-differential distribution 32f/3?) 3H for �0 + �̄0 production at
√
B = 13 TeV with

(a) renormalization and factorization scales (`', `� ) = (1, 2) · (?2
) ,2
+ <2

2)1/2 in association with intrinsic
〈:) 〉 = 1.2 GeV (solid) and with (b) (`', `� ) = (1, 1) · (?2

) ,2
+ 4<2

2)1/2 in association with 〈:) 〉 = 0.7 GeV
(dashed), compared with LHCb data [4], where the ΔH bins are shifted by 10−< for < = 0, 2, 4, 6 and 8.
PROSA 2019 central PDF set is used for predictions with both sets of parameters.

this parameter as intrinsic transverse momentum for the proton mass scale ∼ 1 GeV. In this work,
however, we use the former parameter set that is better matched to the data.

Fig. 2 shows the variation of the 40 sets of gluon distribution function G 6(G, &2), which
makes the dominant contribution to the charm production, as function of the parton longitudinal
momentum fraction G with&2 = 10 GeV2. Presented are the normalized results to the distribution of
the central set, i.e., the best fit. For the forward production of heavy quark relevant for atmospheric
neutrinos, the longitudinal momentum fractions G of the partons involved in the process can be very
small for the one from the target and large for the other from the incoming cosmic rays, and reach
the G regions where the PDF is currently not well constrained by the experimental data. Therefore,

PROSA FFNS 2019

16 17 19

21 25

10-7 10-6 10-5 10-4 0.001 0.010 0.100
0.6

0.8

1.0

1.2

1.4

x

g i
/g
0
(x
,Q

2
=
10
G
eV

2
)

Figure 2: The 40 PROSA FFNS (2019) [3] sets of gluon distribution function G6(G, &2) divided by the best
fit set for &2 = 10 GeV2. Selected sets are identified by their integer label.
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the uncertainty in both regions is large as shown in the figure. In principle, the PDF uncertainty in
the prompt flux prediction comes from combining all 40 sets. In this work, we take a simplified
approach to approximate the PDF uncertainties. Among the 40 sets, we select the ones that most
deviate from the central set, with particular attention to the small-G and large-G regions, respectively,
to approximate the impact of the PDF uncertainty on the atmospheric neutrino flux, discussed in
the next section.

3. Prompt atmospheric neutrino flux

The cosmic ray flux is one of the essential factors to evaluate the atmospheric neutrino fluxes.
Here, we use a broken power law all-nucleon spectrum in terms of nucleon energy � in units of
GeV, that is frequently used to compare predictions from different groups [3, 7]:

q# (�) [cm−2 s−1 sr−1 (GeV/�)−1] =
{

1.7 �−2.7 for � < 5 · 106 GeV
174 �−3 for � > 5 · 106 GeV .

(1)

The spectrum q# (�) is defined as q# (�) = 3## /3�/(3� 3C 3Ω)with assumption that the incident
cosmic ray flux is isotropic. Atmospheric neutrino fluxes can be evaluated by the /-momentmethod,
an approximate solution to the coupled cascade equations for protons, hadrons and leptons. The
cascade equation for a particle 9 is given by

3q 9 (�, -)
3-

= −
q 9 (�, -)
_ 9 (�)

−
q 9 (�, -)
_dec
9
(�, -)

+
∑

((: → 9) (2)

with column depth - and interaction (decay) length _ (dec)
9

. The source term ((: → 9) can be
approximated by rewriting it in terms of a / moment,

((: → 9) ' /: 9 (�)
q: (�, -)
_: (�)

, (3)
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Figure 3: The production moment /?�0 for �0 + �̄0 in proton-Air collisions with a broken power law
cosmic ray spectrum. Results for all collider frame rapidities H and for H > 0 overlap in both panels. In the
right panel, the / moment is evaluated with

√
B < 14 TeV.
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Figure 4: Distribution of differential /?�0 in the plane of {�� ,
√
B } for different rapidity ranges shown in

Fig. 3. The differential /?�0 is presented in log scale, i.e. U = log10 (3/?�0/3
√
B).

which, in turn, can be calculated using as input the cosmic ray flux, the interaction (or decay) length
and the differential production cross section (or differential decay distribution), as a function of the
energy,

/: 9 (�) =

∫ ∞

�

3� ′
q0
:
(� ′)

q0
:
(�)

_: (�)
_: (� ′)

3=(: → 9 ; � ′, �)
3�

, (4)

for q: (�, -) ' q0
:
(�) exp (−-/Λ:). Here, the energy distribution of the particles produced by

interaction or decay, 3=(: → 9)/3� is given by

3=(: → 9 ; � ′, �)
3�

=

{
1

f:� (�′)
3f (:�→ 9. ;�′,�)

3�
(interaction) ,

1
Γ: (�′)

3Γ(:→ 9. ;�′,�)
3�

(decay) .
(5)

In order to evaluate the prompt neutrino flux, the / moments for proton regeneration, /??, and
hadron production, /?ℎ and /ℎℎ, are required aswell as /ℎa for decays to neutrinos, where ℎ denotes
hadron. The calculation of / decay moments is relatively straightforward. On the other hand, the
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Figure 5: The prompt flux of atmospheric a` + ā` from different charmmeson rapidity ranges in ?? → 22̄- ,
using a broken power law cosmic ray spectrum (left). The right panel is the flux evaluated with

√
B < 14 TeV.

/ production moments, especially /?ℎ for hadron production bring about large uncertainty in the
prediction of prompt atmospheric neutrino flux. The / moments can be partly constrained by new
measurements at the Forward Physics Facility at the LHC.

In Fig. 3, we show the contributions to the / production moment /?�0 for different center of
mass rapidity regions. The / moment includes a factor of 2 for the production of both �0 and �̄0

mesons. The predictions in the right panel are evaluated with
√
B ≤ 14 TeV in the cosmic ray-air

interactions modeled with proton-nucleon collisions. (See also ref. [8].) The plot shows that charm
hadron production with the highest LHC energy

√
B = 14 TeV impacts the prompt neutrino flux

prediction for neutrino energies up to a few 10’s of PeV, which implies that LHC measurements can
contribute to our understanding of the prompt atmospheric neutrino flux below �a ∼ 107 GeV. Our
result also indicates that prompt atmospheric neutrinos at such energies are from the charm hadrons
produced mainly in the rapidity of H . 6.5 but also include higher rapidities.

Fig. 4 presents the distribution of the differential Z moments for �0 + �̄0 production in the
plane of {�� ,

√
B } for the different rapidity ranges. The prompt atmospheric neutrinos become

important in the energy range of � & 105 − 106 GeV, where they start dominating the conventional
atmospheric neutrino flux. In the plots of Fig. 4, one can see the range of both collision energy and
rapidity that make important contribution to production of charm hadrons for prompt neutrinos in
the energy range of interest.

The resulting flux of prompt atmospheric neutrinos is shown in fig. 5, evaluated with the
production and decay moments that involve the �0 + �̄0, �±, �±B and Λ±2 hadrons. The charm
hadron flux in the high energy and low energy limits are used to evaluate the respective decay
moments. Together, these moments and the assumed cosmic ray flux from eq. (1) are used to
evaluate the prompt neutrino flux. Details are provided in refs. [3, 7] and references therein. For
definiteness, we show the prompt a` + ā` atmospheric flux, which is equal to the prompt a4 + ā4
atmospheric flux.

IceCube events in the 10’s of TeV are dominated by the conventional neutrino flux. At the higher
energy range of IceCube events, the prompt neutrino flux lies below the astrophysical neutrino flux
[9, 10]. Prompt atmospheric neutrinos in the few PeV range come mainly from the charm hadron
rapidity region in the collider frame of 4.5 − 6.5.

6



P
o
S
(
I
C
R
C
2
0
2
1
)
1
2
1
8

Neutrinos from charm: LHC and in the atmosphere Yu Seon Jeong

νμ + νμ

PROSA FFNS

00 16

17 19

21 25

103 104 105 106 107 108
10-5

10-4

10-3

10-2

Eν [GeV]

E
3
ϕ
[G
eV

2
cm

-
2
s-
1
sr

-
1
]

set number N

17 21 (large - x)

25 19 (small-x)

16 (large and small -x)

100 1000 104 105 106 107 108
0.6

0.8

1.0

1.2

1.4

Eν [GeV]

ϕ
(s
et
_
N
)
/
ϕ
(c
en
tr
al
)

Figure 6: The prompt fluxes of atmospheric a` + ā` evaluated with the different PDF sets of PROSA FFNS
(2019) selected from Fig. 2 (left) and their ratio to the central set (right).

Fig. 6 presents the variation of the prompt atmospheric neutrino flux predictions according
to the PDF set members selected in fig. 2 for maximally deviated ones from the best fit at the
respective small G and large G region (left panel). Their ratio to predictions with the central set is
shown in the right panel of fig. 6. The impact of the PDF uncertainty is within 30 % and is largest
at the highest energy.

4. Discussion

We have investigated the possibility of interplay between the LHC and the atmospheric interac-
tion for prompt neutrino production. We have explored the effect of center-of-mass collision energy
and the rapidity that could be accessible at the LHC on charm hadron production in the atmosphere
and impact on the fluxes of prompt atmospheric neutrinos. The prompt atmospheric neutrinos that
are important as backgrounds to astrophysical neutrinos in the few PeV energies are mainly from
the charm hadrons produced in the rapidity of 4.5 < H < 6.5 with additional contributions from
H > 6.5. Up to now, the LHCb experiment measured charm production at 2 < H < 4.5. The new
forward experiments, FASERa and SND@LHC will cover H & 8.8 and 7.2 < H < 8.6, respectively.
Therefore, if the charm hadron production can be probed in the rapidity range 4.5 < H < 7.2 at
future Forward Physics Facility, it will be able to provide relevant new constraints for the theoretical
predictions of the prompt atmospheric neutrino flux.

In forward charm production in ?? collisions, small and large values of the parton momentum
fraction G are involved. Measurements at LHCb constrain PDFs as low as G ∼ 10−6 [3, 11].
Experiments in the more forward region at the LHC will measure forward production of prompt
neutrinos, sensitive to even smaller values of G. The large value of G is approximately related
to rapidity according to G ∼ (<) /

√
B)4H . At the LHC with

√
B = 14 TeV, G ∼ 0.01 (0.1)

for H = 4.5 (6.5). PDF uncertainties are only part of the larger uncertainties associated with
perturbative QCD evaluations of the prompt atmospheric neutrino fluxes [3, 7]. Measurement
of charm production and their associated neutrinos in new kinematic regimes will guide future
theoretical predictions of the prompt atmospheric neutrino flux.
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