II.
III.

IV.

VI
VII.

*

Forward Neutrinos from Charm at Large Hadron Collider

Atri Bhattacharya,!* Felix Kling,? T Ina Sarcevic,>** and Anna M. Stasto®:

LSpace sciences, Technologies and Astrophysics Research (STAR) Institute,
Université de Liége, Bat. Bba, 4000 Liége, Belgium
2 Deutsches Elektronen-Synchrotron DESY, Notkestr. 85, 22607 Hamburg, Germany
3 Department of Physics, University of Arizona, Tucson, AZ 85721
4 Department of Astronomy and Steward Observatory,
University of Arizona, Tucson, AZ 85721
5 Department of Physics, Penn State University, University Park, PA 16802

The currently operating FASER experiment and the planned Forward Physics Facility
(FPF) will detect a large number of neutrinos produced in proton-proton collisions at the
LHC. In addition to neutrinos from pion and kaon decays, a significant contribution is ex-
pected from the decay of charmed hadrons, particularly for electron and tau neutrino flavors.
In this work, we investigate two QCD formulations for the production of charm quarks in
pp collisions: the next-to-leading order collinear factorization and the kp-factorization ap-
proach. We use state of the art fragmentation schemes to obtain hadron cross-sections and
validate them against corresponding LHCb data. These calculations are then used to pre-
dict the forward neutrino flux from charm hadron decays. We further scrutinize the impact
of varying QCD parameters, such as scales, the selection of parton distribution functions,
and the modeling of fragmentation, on these predictions. We find that the measurement of
forward neutrino flux will serve as a complementary tool to probe QCD dynamics and will
offer valuable insights for astroparticle physics.
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I. INTRODUCTION

The forward production of charm quarks in high-energy proton-proton collisions at the LHC
provides an excellent probe of the strong interactions. In the far forward region, corresponding
to pseudorapidity n = 7, which is beyond the coverage of the main LHC detectors, this process
is sensitive to parton distribution functions at small momentum fractions z ~ 1077 and at a
scale Q ~ me. In this region of very small-x and small-Q?, that is not accessible to the direct
measurement at HERA [1], deviations from the collinear factorization approach may be expected
and novel small-x dynamics can occur, see e.g. Ref. [2]. In particular, the non-linear contributions,
which lead to saturation effects of the gluon density are expected to play an important role [3].
Finally, fragmentation functions needed to predict D-meson production are not well known in
this regime, as they are usually constrained in eTe™ collisions, while the hadronic environment
of the proton-proton collisions introduces some new dynamical features which may lead to the
factorization breaking. Future measurements of forward charm production will therefore provide a
unique opportunity to study and test different aspects of QCD in this novel kinematic regime.

The study of forward charm production is also important in the context of large neutrino tele-
scopes, such as IceCube. Here, charmed hadrons can be produced in cosmic ray collisions and
their decay constitutes the source of prompt atmospheric neutrinos and hence a background to
the extra-galactic neutrino signal [4-6]. There are currently large uncertainties on the associated
production rate and flux, underpinned by the lack of input data both at colliders as well as at
neutrino telescopes. Indeed, IceCube has not seen evidence of prompt atmospheric neutrinos and
only sets an upper limit on the corresponding flux [7]. New input on forward charm production
from the LHC will also improve the predictions for prompt atmospheric neutrino production.

The distribution of charmed hadrons at the LHC have been measured in the central region by
ATLAS [8], CMS [9, 10] and ALICE [11, 12] and in the forward region by LHCb [13-15]. Together,
these measurements cover the pseudorapidities n < 4.5, while at higher values charm production
remains as yet unconstrained. This situation will soon change due to a new set of far forward
experiments which will be able to detect and study neutrinos produced at the LHC. Many of
these LHC neutrinos originate from the decay of charmed hadrons, and hence a measurement of
the neutrino spectrum allows us to indirectly constrain forward charm production. The first two
experiments, FASERv [16, 17] covering n > 8.9 and SNDQLHC [18, 19] covering 7.2 < n < 8.7,
have started their operation with the beginning of LHC Run 3 in summer 2022. Together, they will
detect about ten-thousand neutrino interactions. Larger detectors with the ability to detect about
a million neutrino interactions have been proposed in the context of the Forward Physics Facility
(FPF) [20-22], which will operate during the HL-LHC era.

In anticipation of first data from the LHC neutrino experiments, it is important to have a
dependable modeling of forward charm production and reliable predictions for the resulting neutrino
fluxes and their uncertainties. Such estimates of the neutrino flux are needed as input for a variety
of planned measurements, for example that of the neutrino interaction cross section. In addition,
a comparison of theoretical predictions with the neutrino flux measurements will then allow to
constrain QCD parameters, such as the mass of the charm quark, factorization and renormalization
scales, parton distributions at small-z, and the fragmentation of the charm into D-mesons. In this
paper we address these questions and study charm production at the LHC using two different
QCD approaches: the perturbative collinear approach at next-to-leading order (NLO) and the
kr-factorization approach. In particular we constrain our models using available data from LHCb
and make predictions for the LHC neutrino experiments. We also investigate the sensitivity of our
calculations to the different modeling of the fragmentation of charm quarks into hadrons.

The paper is organized as follows. In Sec. II we review the experimental setup of the LHC



neutrino experiments. We then discuss the modeling of charm production via the perturbative
NLO calculation and the kp-factorization approach in Sec. III. Different approaches to modeling
of the fragmentation are discussed in Sec. IV. The main results are presented in Sec. V. Finally in
Sec. VI we present our summary and conclusions.

II. FORWARD NEUTRINO EXPERIMENTS AT THE LHC

The production of flavored hadrons has been extensively studied at all four main LHC exper-
iments. This data provides a crucial input, for example for the modeling of high energy cosmic
ray collisions and atmospheric neutrino fluxes. However, the most energetic hadrons are typically
produced in the far forward direction, which lies outside of the coverage of the main LHC detectors.
These particles are particularly relevant for modeling of cosmic ray collisions, since they carry a
large fraction of the air showers energy and are also the source of the most energetic atmospheric
neutrinos. While there are some measurements on far forward hadron production using additional
LHC detectors, for example on photons and neutrons from LHCf [23, 24], no data exists so far on
strange and charm hadrons. Such input would, however, be desirable to address the cosmic ray
muon puzzle [25, 26] as well as to improve predictions for prompt atmospheric neutrino flux at neu-
trino telescopes [4—6]. This situation is changing with the start of the LHC neutrino experiments,
which will provide novel constraints on the far forward production of flavored hadrons.

Already in the 1980s it was noticed that the LHC would produce a large number of neutrinos
through the decay of hadrons [27]. Indeed, at each collision point the LHC generates an intense
and strongly collimated beam of high-energy neutrinos along the beam collision axis. About 480 m
downstream from the ATLAS interaction point this neutrino beam passes through the TI12 and
TI18 tunnels, which housed the injector during the LEP era but remained empty during the LHC
era. These locations provide unique opportunities to access the neutrino beam and study its prop-
erties. The first measurement illustrating the potential was performed by the FASER collaboration,
which reported the first neutrino interaction candidates using a small pilot detector in 2021 [28].
Following this proof of feasibility, two dedicated detectors have been installed in these locations.
Located in TT12 is the FASER experiment [29-31]. While it is mainly designed to search for light
long-lived particles predicted by models of new physics [32-36], it also contains a dedicated emul-
sion neutrino detector called FASERwv [16, 17]. This detector is centered on the beam collision axis
and covers the pseudorapidity range n > 8.9. Located in TT18 on the opposite site of ATLAS is
SNDQLHC [18, 19], which also contains an emulsion target as well as additional electronic com-
ponents. Unlike FASER, it is positioned slightly off-axis and covers 7.2 < n < 8.7. Both detectors
have the ability to distinguish neutrinos of different flavors and measure their energies. With the
start of Run 3 of the LHC in summer 2022, both experiments have now started their operation
and recently reported the observation of the first collider neutrinos [37, 38]. During LHC Run3,
which is expected to last until 2025, the two experiments are expected to detect about ten thousand
neutrino interactions with TeV scale energies.

Upgraded detectors to continue the LHC neutrino program are envisioned for the HL-LHC era.
These would be located in the FPF [20-22], which is a dedicated cavern to be constructed 620 m
downstream of ATLAS with the space to house a suite of experiments. In particular, three dedi-
cated neutrino detectors have been proposed in this context: the emulsion based neutrino detector
FASERv2, the electronic neutrino detector AdvSND, and the liquid noble gas based neutrino de-
tector FLATE. Due to a tenfold increase in both target mass and luminosity these detectors have
the potential to see more than a million neutrino interactions and study their properties in greater
detail.



A first estimate of the neutrino flux has been provided in Ref. [39], taking into account both the
prompt flux component from charm decays occurring the interaction point as well as a displaced
component from the decay of long-lived light hadrons occurring further downstream from the
interaction point. It uses a variety of different MC event generators to model the production
of hadrons at the LHC and employs a dedicated fast simulation to model the propagation and
decay of long-lived hadrons when passing through the LHC beam pipe and magnetic fields. The
results show that a majority of muon neutrinos and electron neutrinos at low energy originate from
the displaced decay of light hadrons, while high energy electron neutrinos and tau neutrinos are
mainly produced in the prompt decay of charmed hadrons. It was also noted that (i) there are
large differences between the MC generator’s predictions for the prompt neutrino flux component
of about an order of magnitude at high energies, and (ii) most of the generators have not yet been
tuned or validated for charm production. More reliable predictions for forward charm production
are needed.

Unlike for light mesons, the forward production of charm quarks can be described using pertu-
bative QCD. This provides a different approach to obtain predictions for the LHC neutrino flux,
which also offers a deeper connection to the underlying theory of QCD. Several recent studies
have presented perturbative calculations for forward charm production at the LHC and derived
corresponding predictions for the associated neutrino fluxes. In Ref. [40], the authors employed
the collinear factorization approach at NLO, supplemented by additional kp-smearing and frag-
mentation functions to account for hadronization effects. Subsequent work by the same authors
explored the associated PDF uncertainties [41] and the connection to astroparticle physics [42],
also see Refs. [43-45]. In Ref. [46, 47], the authors used the kp-factorization approach, both in the
full and hybrid realization, with fragmentation functions and a recombination model for hadroniza-
tion. They also investigated the impact of an additional intrinsic charm component on the forward
neutrino flux.

In the present analysis, we consider both of these perturbative QCD approaches. Specifically,
we systematically analyze the influence of varying QCD parameters, such as scales, the choice of
parton distribution functions, and the modeling of fragmentation, on the predictions for the charm
production at LHCb and forward neutrino fluxes at FASER. In the following sections, we provide
detailed descriptions of the forward charm production modeling employing both approaches.

III. CHARM QUARK PRODUCTION IN HADRONIC COLLISIONS

The standard routine for calculating the charmed hadron production cross section oy is to fold
the hadronic charm quark cross section o, with a fragmentation function Fi_,p

UHNUC®FC—>H- (1)

In this section, we first focus on the perturbative calculation of charm quark production in hadronic
collisions. In particular, we will describe and utilize two QCD approaches to calculate charm quark
production: the NLO collinear factorization formalism and the kp-factorization formalism. A
detailed discussion of fragmentation into hadrons will then be provided in Sec. IV.

The production of charm in hadronic collisions is dominated by the gluon-gluon scattering.
In this process, gluons from two colliding hadrons fuse and produce a charm quark-antiquark pair
which subsequently fragments into the hadrons. The generic diagram for gluon-gluon fusion process
in hadronic collision is illustrated in the left panel Fig. 1, where the cross section can be factorized
into two gluon distribution functions, f; and fo, and the perturbatively calculable partonic cross
section ¢. This is the framework at the root of collinear factorization approach.



FIG. 1. Left: gluon-gluon fusion process for charm production in hadron-hadron collisions in the collinear
factorization approach. fi, fo are the integrated gluon distribution functions which depend on the longitu-
dinal momentum fractions x1, 9 and the hard scale of the partonic sub-process. Right: the same process,
illustrated for the case of forward production in the kp-factorization. The gluon z; is treated on-shell, and
the gluon s is off-shell with transverse momentum kr. & is the partonic cross section which is on-shell (left
panel) and takes into account off-shellness of one gluon (right panel).

In the forward region, this process probes the kinematics where the two incoming partons have
very different longitudinal momenta. The longitudinal momentum of the forward charm quark at
high energy is approximately equal to zp ~ E./E, where E, is the energy of the incident proton
and FE, is the energy of the charm quark. Since we are interested in TeV-energy neutrinos from
TeV-energy charm decay, the corresponding forward charm production kinematics probes values of
xp of order 0.1 or higher. This in turn means that the longitudinal momentum fraction of one of the
gluons is large, 1 ~ xr, and the other one is very small. To be precise the longitudinal momentum
fraction xo ~ m?2./(zps), where m; is the invariant mass of the produced charm-quark pair and /s
is the center of mass energy of the hadronic collision. This means that for high energies the forward
production is particularly sensitive to the gluon density at very low values of x5 > 10~7, which is
not constrained very well in this region. Thus the forward production offers unique possibilities for
tests of novel QCD dynamics in the region of small-z.

A. Collinear Factorization at NLO

The double differential NLO cross-section for charm pair production is given by the expression

dydp?.

2
d“opp

a 2 2 2
M 2
dydp%" (S? mc’ IU’F’ R) ? ( )

(s,m?) = Z /dxldﬂ?in(xlaH%)fj(CUZaH%)

1,7=9,9,9

where m, is the charm mass, \/§ = \/z1z25s is the partonic CM energy, ur and ug are the fac-
torization and renormalization scales respectively, and f; ; represent the quark and gluon parton
distribution functions (PDFs) as appropriate. As noted previously, we compute the cross-section
to the next-to-leading order in perturbation theory.

The double differential cross-sections for charm quark production are calculated using the FONLL
code [48, 49], which provides an interface to LHAPDF [50, 51], thus allowing one to use a variety of
up-to-date PDFs. We choose to use the central CT14nlo PDF set [52] from the LHAPDF database
as a representative set for our analysis. While there are more recent PDF sets available in the



literature, including those that have been fit to 13 TeV LHCb data and consequently have reduced
uncertainties in their predictions at low-z [53, 54], we find that uncertainties in the cross-section
from scale variation dwarf those from using different PDFs. Instead, our choice of the central
CT14nlo PDF allows us to maintain compatibility with results obtained in Ref. [4], while also using
me = 1.3 GeV, consistent with the PDG best-fit.

To obtain best-fits to current charm data, we choose to vary the factorization scale ur and
renormalization scale pp while keeping the charm mass fixed. Assuming the scales vary propor-
tionally to the charm transverse mass, my = (m2 + p%)l/ 2 it has been the norm to vary these
parameters independently within a range from (0.5-2.0) o< mp. However, when restricting ourselves
to this narrow range, we find that at high energies /s > 7 TeV fits to data become progressively
worse with increasing rapidities. Furthermore, determining uncertainties around the best-fit scales
also requires one to extend the search beyond this range. Therefore, we allow these parameters
to vary independently over a broader range € [0.5,8.0] unencumbered by theoretical preferences,
allowing the best-fit parameters to be instead determined by fitting to data. We also determine
the parameters defining a 1o uncertainty band around the best-fit cross-section.

To determine the correct global best-fits for these scales, one ought to use all the available data
for charm production in pp collisions and determine the cross-section that gives the least value
of Ax?. However, for our specific study where predictions for the forward neutrino flux are the
end goal, we need cross-sections that accurately describe the data at high energies /s ~ 13 TeV
and high rapidities. The highest rapidity d?c/dydpr data at 13 TeV come from charmed meson
cross-sections observed at LHCb [14]. These include cross-sections for DY, D#*, and D, at rapidities
between 2 < y < 4.5 binned by 0.5, i.e. five bins in y for each meson. We focus on this subset of
collider data to determine the scales, ur and pp, that best describes it.

To compare our theoretical cross-sections against charmed meson cross-sections from LHCb, we
first compute the double differential cross-section d?c.:/dydpr for bare c¢ pair production using
specific values for the fragmentation and renormalization scales. We then assume a specific frag-
mentation scheme, without any additional free parameters, to hadronize the charm quarks into
hadrons. The resulting differential cross-section distribution at this stage may now be compared
against corresponding LHCb data for a measure of its goodness of fit, which we achieve by means
of a simple x? analysis. Since accurately forecasting high rapidity cross-sections is critical towards
obtaining predictions for forward experiments like FASER, it becomes important to ensure that
the goodness of fit analysis is not skewed by the availability of significantly more data at LHCb’s
lower rapidities 2 < y < 3 rather at, say, y > 4. We therefore use a y? measure that is normalised
to the number of pp bins with cross-section measurements for each rapidity bin in the LHCb data,
ensuring that each bin carries equal weight towards the measure.

Repeating this procedure for multiple (ug, pr) values, we generate a range of cross-sections and,
for a given fragmentation scheme, we ascertain the best-fit value of these parameters as the one
that minimises the x2?/d.o.f. Likewise, we also obtain the parameters corresponding to a 1o region
of variation around the best-fit cross-section. The end result of this exercise is that we obtain a set
of best-fit (ug, 1r) for each choice of fragmentation scheme.

B. kp-factorization

In the forward regime, one should apply a framework which incorporates resummation of the
large logarithms agIn1/z. This is accomplished through the kp-factorization formalism [55-57].
The kp-factorization formalism involves off-shell matrix-elements for partonic scattering and unin-



tegrated gluon distribution! functions F(x, kr) which depend on the transverse momentum vector
kr of the off-shell gluons. The unintegrated gluon distribution functions encode more detailed
information about the dynamics of the partons, and can be especially important in providing
information about the details of the kinematics of the event. The kp-factorization approach in
hadroproduction of heavy quarks has been considered in Refs. [55-57] where the off-shell matrix
element for heavy quark production have been derived. The expression for the cross section in the
kp-factorization formalism has the following form, see e.g. [55]

d*k1 d’kor

™

F(x1, ki) F(22, kar) 6T (8, ki, ko, me) . (3)

Opp(8,m2) = /dxl dxs

For the specific case of forward charm production considered here, due to the fact the the kinematics
is very asymmetric and one gluon has large longitudinal momentum fraction xz; it is appropriate
to use an approach in which this gluon is treated on-shell and satisfies the DGLAP evolution.
Therefore the formula Eq. (3) in this limit becomes

2
k ~0on—o a
L fx, 42) Flwa, kr) 520 (8, kp, m,) (4)

app(s,mg) = /dazl dxo d
where 5°°~°f can be obtained from 7°% by setting one gluon on-shell, see Ref. [55]. This is
illustrated in the right panel of Fig. 1. The gluon with large longitudinal momentum fraction x
is indicated together with schematically drawn collinear cascade originating from one proton. On
the other hand, the gluon with very small x5 has transverse momentum k7 and it is produced as a
result of a very long cascade of emissions from the other proton. These emissions are not collinear,
hence their transverse momenta are not ordered. Therefore such cascade leads to the diffusion in
the transverse momentum distribution. This approach was used in Ref. [2] with the large 21 gluon
in the DGLAP collinear regime, which is on-shell and the small x5 gluon off-shell, with appropriate
approximation of the matrix element.

In this work we are interested in the differential distributions in rapidity, which can be obtained
by generalizing collinear formula Eq. (2) to include the transverse momentum dependence. Since
we are using expressions from [55], which are formally lowest order, the differential cross section
can be taken as

do d?kr 6@ (kr — p3r — par) 2 <~ fishell
_ k on*—o she 2
dysdysd®*pard®par / T 1672 (z1225)? ngles, )7 (2, T)Z|Mgg e )

with momentum fractions z1 = ”:%T exp(ys3) + "\L/“ET exp(y4) and xo = ”3/35T exp(—ys3) + ”z’g exp(—y4)
as well as the transverse masses m§7 AT = p% 47 +m? of the quark and antiquark (see also [46]).
The unintegrated gluon distribution functions within the high-energy formalism need to be
computed from the appropriate evolution equations which incorporate the small-z dynamics. The
unintegrated parton densities within the high energy formalism are usually computed from the
Balitsky-Fadin-Kuraev-Lipatov (BFKL) equation which resums the powers of aglnl/x [61, 62].
It has been computed at leading logarithmic (LL) and next-to-leading logarithmic order (NLL)
in QCD. For the phenomenological applications it needs to be supplemented by the additional
corrections which take into account higher orders in the form of kinematical constraints and the

constraints from matching to the DGLAP evolution [63]. In addition, in the limit of high energies,

! In the context of the small-z physics one traditionally used the nomenclature of unintegrated parton distribution
functions. There is another formalism, see e.g. [58], in which the corresponding parton density functions are also
transverse momentum dependent, they are usually referred as TMDs. Relations between the two formalisms have
been extensively studied recently, see e.g. [59],[60].



or very small-z, other corrections are expected to occur, which are related to the parton saturation
phenomenon [3]. In this regime, the gluon densities are so large that recombination effects need
to be taken into account which are expected to slow down the growth of the gluon densities and
as a result restore the unitarity of the cross sections, which otherwise might be violated. These
corrections lead to the appearance of the non-linear terms in the small-z evolution equations. The
non-linear evolution leads to the taming of the gluon distribution in the region of very small-z
and moderate to small values of scales kr. To be specific, these evolution equations generate the
z-dependent saturation scale Q2(z). Whenever the relevant scale of the process, say the kr of the
gluon, is smaller than Q%(z) non-linear terms are very important, while for k‘% > Q?(r) they can
be neglected and the non-linear evolution equations give results which coincide with thus obtained
form the linear evolution.

The effective theory for high density at small-z is the Color Glass Condensate [64—69], with the
corresponding JIMWLK evolution equations. In the multicolor limit the hierarchy of JIMWLK
equations reduces to the Balitsky-Kovchegov equation [70, 71], the latter being the BFKL equation
supplemented with the nonlinear term in the gluon density.

The small-z unintegrated gluon density for the present paper was taken from Ref. [72] as well
as from Ref. [73]. The gluon in Ref. [72] which was based on the unified BFKL+DGLAP evolution
supplemented with small-z resummation [74]. Two sets of gluon distributions were used: based on
linear evolution as well as non-linear evolution cast in the momentum space [75, 76]. The latter
one includes the non-linear term in density which is responsible for the saturation effects. Both
sets of distributions were fitted to the data on Fy structure function at HERA. The non-linear
term is important for low-x and low values of transverse momenta and leads to taming of the gluon
distribution and therefore the resulting observable cross section. We also used the gluon extracted
from more recent fit in Ref. [73] to HERA data, which was based on the full resummation [63, 77]
including the BFKL at NLO.

IV. CHARM FRAGMENTATION

In the previous section we have discussed the perturbative aspects of charm production. We now
turn to question of fragmentation of charm quarks into charm hadrons, which is a non-perturbative
process and requires a separate treatment.

Many studies of charm production at the LHC make use of the factorization theorem to separate
the charm production and fragmentation process. The latter is then modelled via fragmentation
functions that have been extracted from lepton collider data. Here one uses the fact that charm
quarks in electron-positron annihilation are produced with a known momentum, for example with
pe = mz/2 at LEP. One can then measure the flavor and momentum of charmed hadrons py to
constrain the fragmentation process. This is typically parameterized in terms of fragmentation
fractions fr, describing the probability of a charm quark to form a specific charm hadron H, and
a fragmentation function D (z), describing the distribution of fractional energy inherited by the
hadrons z = pg/p.. In this work, we use the fragmentation fractions fp+ = 0.244, fpo = 0.606,
fpr = 0.081 and fy+ = 0.061 as obtained in Ref. [78] and the Peterson fragmentation function [79].
It has the form Dy (z) ~ 2711 — 1/z —¢/(1 — 2)] =2 where we choose € = 0.035 following Ref. [80].
Note that the same fragmentation function is used for all charmed hadrons. Mainly for illustration,
we will also consider the trivial case with no fragmentation beyond fragmentation fractions. This
means that quark and hadron momenta are identical, implying D (z) = d(z — 1).

Although the above-mentioned fragmentation functions approach has been successfully applied
to measurements of charm production in the central and high-py region of the LHC, it faces



additional challenges in the forward and low-pr regime. There are a variety of hadron collision
measurements that contradict the predictions obtained using fragmentation function; see Sec. 6.2.2
of Ref. [22] for a pedagogical overview. In the following, we summarize four important observations
that are particularly relevant for the modeling of forward charm production:

e The first observation concerns the production asymmetry of charmed mesons and their anti-
particles. While the fragmentation function approach predicts equal production rates of charmed
hadrons and their anti-particles, an excess of D~ compared to DT has been observed at high
xp in 7~ -nucleus fixed target collisions recorded by WA82 [81], E769 [82] and E791 [83]. Such
production asymmetries in the forward direction are typically explained by charm hadronization
involving the beam remnants [84]. In the case of 7~ -nucleus collisions, the ¢ can hadronize with
the valence d from the pion and form an energetic D~ meson. In contrast the formation of
a DT requires a ¢ and d. Since the d cannot be a valence quark, but either a sea-quark or
produced otherwise, the DT mesons are expected to be less energetic. This effectively induces
a production asymmetry at high xp.

e The second observation regards the energy spectra. Using the same data from pion fixed target
experiments, it has been found that the momentum spectrum charm of hadrons are about as
hard as or even harder than the charm quark spectra obtain from perturbation theory [81-83].
This contradicts the fragmentation functions approach, which predict the hadrons to be softer
than the charm quarks. In contrast, the above-mentioned mechanism of hadronization with other
light quarks in the event, especially valence quarks from the beam remnant, would naturally
allow the hadrons to be more energetic than the charm quarks and explain this observation.

e The third observation relates to the baryon to meson production ratios. Recently, ALICE has
measured the ratio between the A. baryon and DY meson production rates in the central region
and found that this ratio increases from about 10% at high transverse momentum to about 50%
at low transverse momentum [85-87]. A similar enhancement was also seen by CMS [88]. This
disagrees with the expectation from fragmentation functions, which predict a roughly constant
A, to DO ratio of around 10%.

e A fourth observation regards the multiplicity dependence. The ALICE experiment has measured
the open D-meson production rate in proton-proton collisions as a function of the charged multi-
plicity. They found that the D-meson yields grows faster than linear with increasing multiplicity
and that this growth is even steeper at large transverse momenta [89, 90]. This dependence of
the charm hadron distribution on the hadronic environment is not captured in the fragmentation
function approach.

The four observations above illustrate that fragmentation functions extracted from lepton colliders
are not sufficient to describe charm production at hadron colliders.

One way to address this problem is to use more sophisticated models of fragmentation which
are typically implemented in MC generators. Here, we will take advantage of these efforts and use
Pythia 8 [91, 92] to model hadronization. Pythia uses the Lund string model [93, 94] in which
colored objects are connected by a color string containing the field lines of the strong force. This
model can intuitively explain two of the above observations: a charm quark connected to a beam
remnant valence quark will be pulled forward, and hence gain energy, or even hadronize together
with the valence quark, leading to a production asymmetry. By default, Pythia uses the Monash
tune [95]. While broadly used to describe phenomena at the LHC, we note that it is not able to
properly describe the baryon enhancement observed at ALICE. This problem is addressed by a
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newer QCD-inspired color reconnection scheme introduced in Ref. [96]. It allows for different string
topologies, such as junctions of three strings, which leads to a higher baryon production rates in
high-multiplicity regions. It has been also recently suggested [97], using modeling with Pythia,
that this QCD-inspired color reconnection mechanism might be essential for the proper description
of the J/v production at the LHC. In this work, we use the mode 2 configuration introduced in
Ref. [96].

In the fragmentation function approach, we explicitly convoluted the charm quark distri-
bution d%o./(dpr.dy.) with a function function Dp(z) to obtain the hadron level distribution
d?cp /(dpr.mdym). The hadronization procedure in MC generators is more complex and cannot
easily be described by a simple function. We therefore follow a different approach in this case
and use a re-weighting procedure which is inspired by Ref. [98]. The charm production process of
Pythia provides a sample of events, where each event is characterized by the parton momentum
D¢, the hadron momentum Pz, a hadron ID and an event weight w. The events in the sample
implicitly follow a distribution d?0l®/(dpr .dy.) for the charm quarks and d?c58/(dpr pdyy) for
the charm hadrons. In the re-weighting procedure, we can now adjust the weights

dQUc/ (de,cdyc)

w— w X dzafs/(dpncdyc) .

(6)

By construction, the events will then follow a d?c./ (dprcdy.) at quark level. The hadrons follow
the desired distribution d?ogy /(dpr mdym) which we can extract from the event sample.

V. RESULTS

In this section, we present and discuss the results of our different charm production models.
We start this by systematically varying the modeling. For each considered setup, we shall show
comparisons of our predictions to the double differential cross section of D° meson measured at
13 TeV by LHCb as well as the expected neutrino event rates at FASERv. To determine the
neutrino flux, we follow the same approach as Ref. [39]. Initially, the charm hadrons are decayed
in their rest frame according to the decay branching fractions and energy distributions obtained
with Pythia. Subsequently, the resulting neutrinos are boosted into the laboratory frame and
recorded if they pass through the detector’s cross-sectional area. To obtain the anticipated number
of neutrino interactions, we convolute the neutrino flux with the interaction cross-sections obtained
by GENIE [99)].

In the following, we will present results for collinear factorization in Sec. V A and kp-factorization
in Sec. V B. We will compare both approaches and show additional distributions in Sec. V C.

A. Collinear Factorization at NLO

We first consider the calculation using the NLO collinear factorization. As described in Sec. IIT A,
we obtain multiple best-fit cross-sections corresponding to different fragmentation schemes. We find
that a variation of the scale parameters (up, pr) mainly influences the normalization of the cross-
section predictions, while the shape of the pr distribution remains largely unchanged. In contrast,
the latter is more significantly affected by the choice of the fragmentation scheme.

We show a comparison of these results to the LHCb data in the left panel of Fig. 2 for three
different modeling approaches for fragmentation. The green dotted line shows the best fit prediction
obtained using a constant fragmentation factor. The best-fit cross-section in this case is obtained
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FIG. 2. Modeling of Fragmentation: Predictions obtained using collinear factorization at NLO using the
CT14nlo parton distribution functions. We show three different modeling approaches for fragmentation using
only fragmentation fractions (green dotted), using the Peterson fragmentation function (blue dashed), and
using Pythia with the QCD-inspired color reconnection scheme (red solid). For each approach, the scales
were obtained using a fit to LHCb open charm data resulting in (up, ur) = (2.1,1.6) mr (no fragmentation
function), (ur,pur) = (3.75,1.75) mr (Peterson fragmentation function) and (up,pur) = (2.25,1.5) mr
(Pythia). In the left panel, we compare these predictions with measurements of the double differential
neutral D-meson production rate obtained by LHCDb at 13 TeV. We present results for three different rapidity
regions, where the results at higher rapidity were scaled. In the right panel, we show the resulting number
of electron neutrinos from charm hadrons decay that interact with the FASERv detector as a function of
the neutrino energy. For context, we also display in black the event rate resulting from neutrinos from light
hadron decays as obtained in Ref. [39]. See the main text for a detailed discussion.

for (up, pr) = (2.1,1.6) my consistent with results from [4]. However, we find that the pr shapes of
the corresponding double differential cross-sections are inconsistent with LHCb data, consistently
overestimating at high pr. With change of scales primarily affecting cross-section normalizations,
and not the shape, there is no way to improve the fit within the realm of our analysis when
using constant factors for fragmentation. Thus, this demonstrates the importance of including
more realistic fragmentation schemes. The blue dashed lines show the best fit results using the
Peterson fragmentation function, obtained for (up, ug) = (3.75,1.75) mp. These agree reasonably
well with LHCb data for all rapidity regions, while still overestimating the data at low pr somewhat.
Finally, best-fit results obtained using Pythia for fragmentation are shown as red solid lines. These
correspond to (up, ur) = (2.25,1.5) mp. We observe that this setup produces similar results to
those using the Peterson fragmentation function in the regime accessible to LHCb, with slight
differences mainly at low ppr < 2 GeV.

We proceed to evaluate the electron neutrino flux from charm hadron decay at FASERv from
these simulations. The results are shown in the right panel of Fig. 2. With Peterson’s fragmentation,
the obtained flux has lower rates and peaks at lower energies compared to the scenario without any
fragmentation. This outcome is expected since in the fragmentation function approach, the charm
hadron is always less energetic than the charm quark. In contrast, using Pythia for fragmentation
increases the neutrino flux and shifts it to higher energies compared to the scenario without any
fragmentation. As discussed in Sec. IV, this outcome is consistent with observations at beam
dump experiments, where hadronization with beam remnants plays a role. We emphasize that
despite both fragmentation choices providing similarly good descriptions of the LHCb data, they
lead to a significant difference in neutrino event rates at FASERv, differing by about one order of
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FIG. 3. Smearing of kr in Collinear Factorization: Predictions using collinear factorization at NLO
including k7 smearing for different values of (kr). All predictions use fixed scales (up, ur) = (1.75,1.25) mr,
the CT14nlo parton distribution function and Pythia with the QCD-inspired color reconnection scheme to
model fragmentation. See the main text for a detailed discussion.

magnitude. This highlights the importance of properly modeling fragmentation for forward charm
and, consequently, neutrino flux predictions for FASERv and other LHC neutrino experiments. For
comparison, we also show the event rate from light hadron decays in black, as obtained in Ref. [39],
using various generators. The solid line represents the central prediction, while the shaded band
shows the range of predictions from different generators. This line is meant to provide optical
guidance and to illustrate regions where light and charm hadron decay contributions dominate the
electron neutrino flux.

While our prediction already agrees reasonably with the LHCb data, we observe an underes-
timation of events at intermediate pr ~ 8 GeV and a mild overestimation at pr ~ 1 GeV when
compared to experimental measurements. As pointed out in Ref. [40], including an additional kp
smearing, which aims to capture both an intrinsic transverse momentum of the initial state partons
as well as some soft gluon emission effects, can help improve the agreement with data. The authors
achieve this by introducing a Gaussian smearing with width (k7) of the transverse momentum of the
charm, while keeping its rapidity constant. However, we note that this approach does not conserve
energy and can lead to charm quarks that are more energetic than the proton beam. Indeed, this
leads to an unphysical order of magnitude increase of the neutrino event rate at high energies. To
address this issue, we modify the smearing such that the z component of charm quark momentum
is kept constant and the rapidity is allowed to change.

In Fig. 3, we present our results when applying the smearing with different values of (kr) to our
central prediction. In this case, when using (kr) = 1.5 GeV, our fitting routine leads to a best-fit
(up,pr) = (1.75,1.25) mp. As shown in the left panel, the shape of the transverse momentum
distributions in the LHCb range changes: events are shifted from the lowest pr bins towards
intermediate py bins. This effect becomes stronger with increasing (k7), and by scanning fits
made using different fixed values for (k7) = 0,0.5,1.0,1.5,2.0..., we find that the best agreement
with data is obtained for (k7) = 1.5 GeV. This value is consistent with Ref. [42], which uses
(kr) = 1.2 GeV, as well as with the default transverse momentum for hard interactions used within
Pythia, which is 1.8 GeV. The corresponding neutrino fluxes are not highly sensitive to the choice
of (kr), as illustrated in the right panel.

Up to now, we’'ve only shown our central prediction, which uses scale choices (up,ur) =
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(1.75,1.25) mp that were obtained by fitting the data with (kr) = 1.5 GeV. As described in
Sec. IIT A, the same fit also allows to define scale uncertainties in a data driven way. To illustrate
this, we present in Fig. 4 our results for two additional scale choices, which provide an error band
that encompasses the LHCb data. Looking at the right panel, the corresponding neutrino fluxes
show only mild sensitivity to the choice of scales.

B. kp-Factorization

We have observed that introducing an additional k7 smearing improves the agreement of the
collinear factorization prediction with data. This smearing effectively simulates intrinsic transverse
momentum and soft-gluon emissions in the initial state. These effects are naturally included in the
kp-factorization approach due to the presence of the unintegrated gluon distribution function and
the off-shell matrix element which depend on transverse momentum k7. As discussed in Sec. II1I B,
we are using a hybrid approach which utilizes an unintegrated PDF for the low-z gluon and an
integrated PDF for the high-z gluon. This is because ultimately we are interested in the very
forward region where one x is very small and the other very large.

As the basic setup we choose the unintegrated gluon distribution from the Kutak-Sapeta (KS)
calculation [72] using the nonlinear evolution, and for the large-x we use the CT14nlo gluon. Since
the XS gluon has been fitted to the HERA data using the leading order strong coupling constant,
we use the same setup for the one power of strong coupling in the formula for the cross section. The
second power of the coupling is taken at NLO consistent with the CT14nlo PDF used for large-x
gluon. As before we are are modeling the hadronization using Pythia with the QCD-inspired color
reconnection scheme. The results are shown in Fig. 5 by the blue curve. We observe that the
calculation has the right shape in pr but it significantly underestimates the experimental data.
This was also observed in calculation of [46]. This is not totally unexpected since the off-shell
partonic cross section used in kp-factorization is effectively computed at the LO [55]. Therefore
when compared with NLO collinear calculation it does not have virtual terms as well as final state
gluon emissions from the quarks. It also has an off-shell gluon only on the small-z side. Given
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FIG. 5. Normalization in kr-Factorization: Predictions using kp-factorization before (blue) and after
(red) applying an overall k-factor. These predictions use we use the KS (non-linear) unintegrated dis-
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reconnection scheme to model fragmentation. See the main text for a detailed discussion.

that the NLO calculation in the collinear approach resulted in K-factor of the order of 2.5 with
respect to the LO result, see e.g. [100], it is expected that the kp-factorization will likely have large
K-factor as well.

In order to get the normalization to agree with LHCb data, and therefore make our extrapo-
lations from LHCDb to FASERv more reliable, we introduce a normalization factor which we refer
to as k-factor? in this calculation, determined by a fit to the data (with additional weights that
ensure each rapidity bin contributes identically to the y? measure). We find a best fit of k = 2.32;
the resulting double-differential cross-section is illustrated by red line in Fig. 5. This is in excellent
agreement with the LHCb data over the full pr and rapidity range. This is encouraging since it
means that the z dependence of the unintegrated gluon, correctly reproduces the rapidity depen-
dence, and also the pr dependence is correctly captured. We shall also see, that the k-factor does
not change between the 7 and 13 TeV. We also determine an uncertainty of the fit, as illustrated
by the orange and magenta curves in the same figure (using a rescaled x? for this following the
PDG procedure described in Refs. [80, 101]). These variations form a nice envelope around the
data with a width of about a factor 2 at low values of py. The right panel in Fig. 5 shows the
electron neutrino flux obtained in this approach. A similar size band is also obtained at FASERv,
see right panel.

Next, we study the dependence of the results on the choice of the low-z unintegrated gluon
distribution. In Fig. 6 we show our results for three choices of unintegrated PDFs: two choices
for the KS gluon with linear evolution and with non-linear effects that describe saturation effects,
and third choice of gluon from [73] obtained from the linear evolution including the resummation
using the Ciafaloni-Colferai-Salam-Stasto (CCSS) approach [63]. We find that the prediction which
includes saturation effects is in excellent agreement with the LHCb data over the full pr range. In
contrast, the linear cases overshoot the data at low pr. However, given that the results include
the k-factor effectively added by fitting as explained before, it is not possible to conclude at this
moment about the importance of the saturation effects in the LHCb data. Looking at the right

2 Traditionally a K-factor refers to a ratio between the NLO and LO calculations. Since here we are effectively using
a normalization factor from lowest order to fit the data we refer to it as k-factor to distinguish it from the one
usually defined in the literature.
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for the high-z gluon, use Pythia with the QCD-inspired color reconnection scheme to model fragmentation.
See the main text for a detailed discussion.
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FIG. 7. High-z Gluon Distribution in kp-Factorization: Predictions using kp-factorization based
on different parton distribution of the high-x gluon. All predictions use a constant k-factor of 2.32, the
KS (non-linear) unintegrated distribution for the low-z gluon and Pythia with the QCD-inspired color
reconnection scheme to model fragmentation. See the main text for a detailed discussion.

panel, including saturation effects results in a reduction of the flux by a factor of approximately
three compared to the linear case. This is due to the fact that the nonlinear effects are largest at
very low pr.

In Fig. 7, we explore the impact of the choice of integrated gluon distributions used for the
high-x region, while keeping the unintegrated PDF with saturation for the low-z gluon fixed. We
consider four different choices consisting of the CT14 and NNPDF30 distributions at both leading
and next-to-leading order. Our results show that the next-to-leading order distributions provide a
somewhat better description of the LHCb data. In contrast, the leading order distributions tend
to overestimate the production rate at low pr, leading to an increased neutrino flux. We observe
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blue curve respectively. All predictions use a constant k-factor of 2.32, the KS (non-linear) unintegrated
distribution for the low-z gluon, CT14nlo for the high-z gluon and Pythia with the QCD-inspired color
reconnection scheme to model fragmentation. See the main text for a detailed discussion.

small variations within the same order of distributions, with a corresponding uncertainty of about
20 — 25 % at the peak of the flux. Therefore we choose the NLO PDFs in the calculation as our
standard choice and for a better accuracy.

Next, in Fig. 8 we study the dependence of the kr-factorization calculation on the choice of the
order at which the strong coupling is taken as well as the value of Agcp. Our standard choice
is denoted by the ‘hybrid’ in Fig. 8. As mentioned previously this choice amounts to taking one
power of the strong coupling in the leading order. This is consistent with the choice used in the fit
used to extract the unintegrated KS gluon density in [72]. The second power of the strong coupling
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is taken consistent with the choice of the large-x gluon PDF, in this case CT14nlo set. We also
compare this with two other choices, one in which both powers of «a; are taken at leading order and
one in which they are taken at NLO from CT14nlo, labeled as LO and NLO in Fig. 8, respectively.
We see that these different choices give a moderate spread in the predictions. We remind here that
we are using the same k-factor for all of these predictions, in order to isolate the dependence on
the coupling choice. The shape in pr is affected only modestly, mainly in the low pp region. In
the right panel in Fig. 8 we again show the spread of about factor of order 2 in the neutrino flux
predictions.

Finally, we study the dependence on the variation of the scale in the large-x PDF and in the
argument of the strong coupling. We vary the scale in the region (0.5,2.0)(p%) where we define
(p2) = (P2, +D2y)/2, and pr1, pr2 are the transverse momenta of the produced quark and antiquark.
The results are demonstrated in Fig. 9. We observe that the variation of scales has very little impact
on both the pr dependent cross section at LHCb as well as on the neutrino results at FASERv.

C. Comparison of Approaches

Based on the previous discussion, we identify central predictions for both factorization ap-
proaches. In particular, we consider the following configuration

e collinear factorization at NLO with CT14nlo for the gluon parton distribution, renormaliza-
tion scale up = 1.75 my, factorization scale pp = 1.25 mp, a kp smearing with (kr) = 1.5 GeV,
and fragmentation modelled with Pythia with the QCD-inspired color reconnection scheme

e kp-factorization using KS unintegrated distribution for the low-z gluon including saturation
effects, the CT14nlo parton distribution for the high-z gluon, a k-factor of 2.32 and fragmentation
modelled with Pythia with the QCD-inspired color reconnection scheme

In Fig. 10, we compare the corresponding distributions from both approaches. We note that kp-
factorization with saturation gives slightly better description of the pr shape of the LHCb data than
the NLO case. However, we again remind the reader, that this has to be taken with caution since
this calculation includes the fitted k-factor which is not needed for the NLO collinear approach. We
find that both approaches give good description of D° + DO data but when compared with LHCb
data for DT + D™, and for Ds + Dy, the low pr region is overestimated. We show distributions
as a function of rapidity for different pr regions, and we find that NLO and kp-factorization with
saturation give similar values for central rapidity, but they differ at large rapidity, by about a factor
of 2, especially for 0 < pr < 0.5 region. For large values of pr, this difference is reduced.

In Fig. 11, we also show comparison of both approaches with the LHCb data at 7 TeV, and
the description is very good in both cases. It should be stressed that the used scales for the NLO
calculation and the k-factor for kp-factorization at 7 TeV are the same as extracted from 13 TeV
data. As mentioned previously, this is encouraging since it means that the energy dependence of
the data, which is driven mainly by the x evolution of the unintegrated gluon density is captured
correctly. The latter one has been taken from the resummed approaches [63, 74, 77] which aim to
reproduce both small-z and collinear dynamics.

The neutrino flux obtained using both QCD approaches is presented in Fig. 12. The upper
row shows the number of interacting neutrinos in FASERv operating during LHC Run 3 with an
integrated luminosity of 150 fb~! while the bottom row shows the neutrino events rate at FLARE
at the FPF during the HL-LHC with a luminosity of 3 ab~!. The three columns correspond to the
three neutrino flavors. The shape of the neutrino flux remains similar for all neutrino flavors in both
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FIG. 11. Comparison of Charm Hadron Distribution at 7 TeV: Transverse momentum distributions
for all three charmed mesons in comparison to 7 TeV LHCb data using the same collinear factorization at
NLO and kp-factorization setups as in Fig. 10.

approaches, with the NLO contribution slightly lower than that of the kr-factorization. However,
the two approaches are very close and fall within the range of uncertainty, which is approximately
a factor of two. The black lines represent the contribution to the neutrino flux from decays of light
hadrons. Notably, we find that the dominant contribution to neutrinos occurs above 500 GeV for
ve and above 1 TeV for v,,. Detecting v, would serve as a direct test of charm production, as there
is no contribution from pions and kaons decays.
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FIG. 12. Comparison of Forward Neutrino Distributions: Forward neutrino flux predictions using
the same collinear factorization at NLO and kp-factorization setups as in Fig. 10. The energy spectra of
neutrinos interacting in FASERv at Run 3 of the LHC are shown in the top row for all three neutrino flavors.
Similar distributions for proposed FLARE detector at FPF during the HL-LHC era are shown in the bottom
row.

Based on our calculation, we predict that FASERy during LHC Run 3 is expected to observe
approximately 4000 v,, 4000 v, and 120 v, charge current interactions originating from decays of
charm hadrons. The FPF, proposed to house larger neutrino detectors during the HL-LHC era,
aims to record a significantly larger sample of neutrino interaction events [21, 22|. Specifically, we
can see that the FLARE detector housed within the FPF will detect approximately 1.4 x 10° v,
1.4 x 10° v, and 6000 v,. This substantial increase in statistics will enable FPF experiments
to conduct more detailed tests on forward charm production and provide the necessary data to
distinguish between different predictions.

VI. CONCLUSION

Forward charm production at hadron colliders has long been recognized as an intriguing tool
for probing the strong interaction. However, until recently, it has remained beyond the reach
of the existing LHC experiments. This situation is now changing with the start of operation of
the FASERy and SND@QLHC experiments, which are strategically positioned in the far-forward
direction of the LHC and specifically designed to detect collider neutrinos. Many of these neutrinos
originate from the decay of charm hadrons, presenting a unique opportunity to investigate forward
charm production. Together, FASERy and SNDQLHC are projected to observe approximately ten
thousand neutrinos during the LHC’s Run 3, spanning from 2022 to 2025. Looking forward, a
continuation of this collider neutrino program is envisioned for the HL-LHC era from 2029 to 2042:
by utilizing larger detectors situated in the FPF it will be possible to detect millions of collider
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neutrinos.

In order to predict neutrino fluxes from charmed mesons in these forward neutrino experiments,
we have examined two distinct perturbative QCD approaches for calculating charm quark pair
production cross-sections in proton-proton collisions: collinear factorization at NLO and the kp-
factorization approach. Subsequently, we have modeled their hadronization using Pythia, enabling
us to derive the distributions of charmed hadrons. These distributions have been compared to mea-
surements by LHCb, and based on this comparison, we have made predictions for the corresponding
forward neutrino fluxes at the LHC neutrino experiments.

We have obtained final predictions using the two different formalisms. For the collinear fac-
torization at NLO approach, we have employed the CT14nlo parton distribution functions with
a renormalization scale of urp = 1.75 mp and a factorization scale of urp = 1.25 myp, determined
through a fit to data. To improve the shape of the charm hadron distribution and align it with
LHCb measurements, we have implemented a kp smearing with (kr) = 1.5 GeV. In the kp-
factorization approach, our central prediction incorporates the KS unintegrated distribution with a
non-linear evolution for the low-z gluon, and the CT14nlo distribution for large-z gluons. Addition-
ally, we introduce a constant k-factor of 2.32, determined by fitting the overall normalization to the
LHCb data. The need for the inclusion of the normalization k-factor in kp-factorization approach
likely stems from the fact that the off-shell partonic cross section for production of heavy quarks is
only available at lowest order. Higher orders of the off-shell partonic cross section will need to be
computed, and possibly resummed, to obtain more precise predictions. With this caveat in mind
we observe, that both QCD approaches provide a good description of the LHCb data, exhibiting
similar energy dependence in the neutrino flux with slightly different overall normalizations, which
can be attributed to the specific QCD parameter choices. We have further examined the impact of
systematically varying the underlying QCD parameters, such as scale selection, parton distribution
function choices, and fragmentation modeling, on these predictions.

Notably, we have emphasized the significance of accurately modeling charm fragmentation. We
found that existing fragmentation functions obtained from lepton collider data are insufficient in
describing various observed effects in forward and low-py charm data at hadron collisions. Some of
these observations are attributed to the hadronization process of charm quarks with the remnants
of the colliding beams, which holds particular importance in the forward direction relevant to the
LHC neutrino experiments. To address these challenges, we have employed the string fragmenta-
tion model implemented in Pythia, resulting in a more realistic representation of hadronization.
Indeed, our findings demonstrate a significantly enhanced flux of forward neutrinos compared to
using established fragmentation functions, underscoring the importance of utilizing an accurate
fragmentation modeling. However, we also note that the topic of forward charm hadronization
warrants further theoretical investigation.

Using our best-fit QCD parameters, we have shown predictions for neutrino fluxes of all three
flavors for the ongoing FASER experiment as well as the proposed FLARE detector at the FPF
and compared them against those from the decay of lighter mesons. We find that, depending on
the choice of QCD scheme, the electron neutrino flux from charmed mesons dominates over those
from pions and kaons starting at neutrino energies between 400 and 500 GeV. Furthermore, muon
neutrinos from charmed meson decay become comparable to those from pion and kaon decays at
energies above 1 TeV for both QCD approaches. Tau neutrinos, produced exclusively from heavy
meson decays, provide a background-free channel to investigate heavy meson QCD. Our models
predict between 4000 and 6000 charged current tau neutrino interactions at FLARE with energies
around 1 TeV, depending on whether one uses the collinear NLO scheme or the kp-factorization
scheme respectively.

The first observation of collider neutrinos at FASER [37] heralds the opening of a new fron-
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tier towards significantly improved understanding of forward QCD. Further measurements at both
FASER and SND@QLHC will provide a unique opportunity to gather valuable information about
small-z QCD, validity of kp-factorization and NLO collinear approach, and validity of different
hadronic fragmentation scenarios at forward rapidities. In the future, the planned experiments at
the FPF, with significantly improved statistics, will become the ideal place to unravel these most
important facets of QCD. In addition, we expect that measurements of the forward neutrino pro-
duction at the LHC will provide valuable inputs for estimating the prompt neutrino flux, reducing
its theoretical uncertainties and thus providing a better understanding of the main background for
the detection of ultra-high energy neutrinos be it from extragalactic astrophysical sources or from
beyond standard model physics including dark matter decays and annihilation.
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