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Abstract Scenarios with new physics particles feebly inter-
acting with the Standard Model sector provide compelling
candidates for dark matter searches. Geared with a set of
new experiments for the detection of neutrinos and long-
lived particles the Large Hadron Collider (LHC) has joined
the hunt for these elusive states. On the theoretical side, this
emerging physics program requires reliable estimates of the
associated particle fluxes, in particular those arising from
heavy hadron decays. In this work, we provide state-of-the-
art QCD predictions for heavy hadron production including
radiative corrections at next-to-leading order and using par-
ton distribution functions including small-x resummation at
next-to-leading logarithmic accuracy. We match our predic-
tions to parton showers to provide a realistic description of
hadronisation effects. We demonstrate the utility of our pre-
dictions by presenting the energy spectrum of neutrinos from
charm hadron decays. Furthermore, we employ our predic-
tions to estimate, for the first time, FASER’s sensitivity to
electrophilic ALPs, which are predominantly generated in
beauty hadron decays.

1 Introduction

The main experimental program at the LHC traditionally
focuses on particles with sizable transverse momentum in
the central region, such as those expected to be produced in
the decay of Standard Model (SM) bosons or proposed heavy
new particles at the TeV scale. More recently, there is also a
growing interest in particles with small transverse momen-
tum moving in the forward region. Specifically, forward
hadrons are produced in enormous numbers and can inherit
a substantial fraction of the beam energy. These hadrons can
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then decay into neutrinos, generating an intense and tightly
collimated beam of high-energy neutrinos along the collision
axis of the beams. Moreover, these forward hadrons might
also decay into so-far undiscovered feebly interacting light
particles, which have been posited by various models of new
physics and may play the role of dark matter or be a mediator
to the dark sector [1].

Two new LHC experiments—FASER [2] and SND@LHC
[3]—have recently started their operation in the forward
region to exploit this opportunity. Indeed, first direct obser-
vation of collider neutrinos was reported by FASER in March
2023 [4] and shortly after also by SND@LHC [5]. In addi-
tion, FASER has performed a first search for dark photons
yielding world-leading constraints [6]. These experiments
will operate during the third run of the LHC further studying
collider neutrinos and searching for signs of new physics.
Looking further into the future, the Forward Physics Facil-
ity (FPF) has been proposed to house a suite of experiments
to continue this program during the high-luminosity LHC
(HL-LHC) era [7,8].

This emerging forward LHC search and neutrino program
requires reliable estimates of the associated particle fluxes.
In particular, this requires precise predictions of the forward
hadron fluxes and their uncertainties. Since forward light
hadrons are of non-perturbative origin, their production is
conventionally simulated using dedicated event generators,
most of which are developed for cosmic ray physics. In con-
trast, forward heavy charmed and beauty hadron production
can in principle be described by perturbative QCD methods.
While several such predictions exist in FASER kinematics,
utilizing both Monte Carlo generators [9] and analytic pertur-
bative calculations [10-13], these often entail approximate
descriptions of either the hard scattering or the hadroniza-
tion that may affect their reliability. Indeed, it was noticed
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that their predictions for the forward neutrino flux differ by
more than an order of magnitude.

The use of state-of-the-art perturbative QCD predictions
matched with parton showers for heavy quark production,
which has been shown to provide a reliable description of
high-rapidity LHCb data [14,15], has so far never been con-
sistently employed in the very forward region probed in FPF
kinematics. In this letter we build upon such framework in
order to provide novel predictions for the expected forward
neutrino event rate at FASER. Our results can be used to
constrain a variety of New Physics models predicting feebly
interacting particles produced in heavy meson decays. As an
illustration, we will use our prediction to estimate for the first
time FASER’s sensitivity for electrophilic ALPs.

2 Forward Hadron production at the LHC

We start by introducing the theoretical framework used to
obtain our predictions for forward heavy hadrons produc-
tion. We produce prediction at next-to-leading order (NLO)
accuracy matched with Monte Carlo parton shower via the
POWHEG method [16—18]. The NLO calculation is performed
in a fixed-flavour scheme with massive heavy quarks using
the hvqg generator [19]. The fragmentation and the hadro-
nisation of the heavy quarks are handled by the PYTHIA
8.2 shower [20], including also the contribution from multi-
parton interactions (MPI).

We use the NNPDF3.1sx+LHCb PDF set withay = 0.118
at NLO+NLL, accuracy [15,21] as our input set of parton
densities through the LHAPDF interface [22]. The motiva-
tion for this choice of PDF is twofold. Firstly, we prefer to
use a PDF set which includes LHCb D-meson production
data [23-25] to reduce the relevance of the PDF uncertainty
at small values of the partonic x probed in forward parti-
cle production [14,26,27]. Secondly, this PDF set includes
small-x (BFKL) resummation effects at NLL, (see [28,29]
and references therein). In light of the suggested evidence
for an onset of BFKL dynamics at HERA data in the small-x
region [21,30] we include small-x resummation effects in
our predictions in the forward region, which probe values of
x down to x < 107°. We note that a consistent calculation
should generally include small-x resummation not only in
the parton densities but also in the NLO partonic coefficient
functions for heavy quark pair production, which however
are not yet in a format amenable to LHC phenomenology.
Recent results for the production of a pair of beauty quarks
at NLO+NLL, [31] however show that at this order in MS-
like schemes the bulk of the small-x resummation effects
is contained in the PDF evolution, whilst the impact on the
partonic coefficient function is minor. This hierarchy is valid
also at relatively high values of the rapidity of the heavy
quark pair, which probe smaller x values. This suggests that

@ Springer

the importance of resummation in the coefficient function
is less relevant at NLO+NLL, even for charm production.
These results justify the approximation used in this work,
where we include resummation effects only in the parton
densities whereas we neglect the resummation effects in the
partonic coefficient functions for heavy quark production.
For transparency, however, we shall denote our predictions as
NLO+NLLEDF, to indicate that the resummation is included
only in the PDFs.

We set the central factorisation and resummation scales
equal to urp = up = (sz + IJ%Q)]/2 and the nomi-
nal beauty and charm quark mass to 4.5 GeV and to 1.5
GeV, respectively.! We shower the events with PYTHIA
8.245, using the default Monash tune [32]. We note that our
approach only includes small-x resummation effects inclu-
sively (i.e. before showering). A completely consistent treat-
ment of small-x resummation in predictions matched with
parton shower is currently beyond the state of the art.” As
a validation of the robustness of our predictions, we show a
comparison against LHCb data at 13 TeV for Do 4+ Dg [24]
and for BY 4+ B~ [35] inthe 4 < yp(B) < 4.5 window. We
observe that our NLO+N LL)I:DF predictions provide an excel-
lent description of the LHCb data, both at low and at high p7.
For comparison, we show also predictions at NLO accuracy,
obtained with a baseline NLO PDF set which is extracted
using the same data as NNPDF3.1sx+LHCb, but does not
include BFKL resummation effects. The latter predictions
still provide a good description of the data within uncertain-
ties but tend to undershoot them, especially at low pr. The
scale uncertainties are rather large, at the 30—40% level for
beauty and even larger for charm production. Although we
limit ourselves to the most forward bins, we note a simi-
larly good description of the data at central rapidities, where
the differences between NLO and NLO+NLLEPF predictions
become smaller.

We have verified that other sources of uncertainties such
as PDF uncertainty, sensitivity to the quark mass used in
the calculation, as well as variation of the PYTHIA tune are
below the scale uncertainty. We stress that, especially at large
rapidities, the inclusion of LHCb forward data in the PDFs
is instrumental in reducing the PDF uncertainty. We note
the use of alternative colour reconnection schemes, e.g. [36],
improves the baryon enhancement towards low pr observed
experimentally [37-39], but does not affect our predictions
shown below. We also checked that the recently presented

! We note that the beauty mass is set to 4.92 GeV in the NNPDF PDF set.
Our choice for m; = 4.5 GeV is motivated by an improved description
of the B meson production data for our central prediction. Predictions
obtained with a larger value of m;, = 4.92 GeV are largely included in
our scale uncertainty but provide a somewhat worse description of the
LHCb data.

2 Event generators which implement backward small-x evolution such
as CASCADE [33,34] are available.
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Fig. 1 Predictions for the production of D-meson (left) and B-meson (right) in comparison with LHCb

forward tune [40], which improves the modelling of beam
remnant hadronization, has a minor impact compared to the
scale uncertainties.

Finally, we have also considered a different shower,
by matching the POWHEG predictions to HERWIG 7.2 [41,
42], using the interface developed in Ref. [43]. We note
that the two showers use different hadronisation models;
PYTHIA uses string fragmentation [44] while HERWIG
uses cluster fragmentation [45]. We find that, using the same
setup as for the POWHEG+PYTHIA case, POWHEG+HERWIG
provides a similar description of the LHCb data after
hadronisation and multi-parton interactions, with a dete-
rioration of the agreement with the data at higher val-
ues of the transverse momentum. Since it appears that
POWHEG+HERWIG offers a somewhat worse description of
the LHCb data, albeit compatible within the large scale
uncertainties with the POWHEG+PYTHIA predictions, we use
POWHEG+PYTHIA as our default prediction without consid-
ering the POWHEG+HERWIG results as an additional source
of uncertainty. The comparison between POWHEG+HERWIG
and LHCD data is shown in Appendix A. The treatment of
forward charm production requires special care due to the
challenges in the description of forward charm hadronization
(see e.g. Sect. 6.2.2 of Ref. [8]). The compatibility between
our results, obtained with different tunes within PYTHIA and
with a different hadronisation model through HERWIG, sup-
ports the robustness of the modelling of charm hadronization.
A more comprehensive study of forward charm hadroniza-
tion would further corroborate our results, but such a study
goes beyond the scope of this work.

The large scale uncertainties could be reduced by increas-
ing the perturbative accuracy of the calculation. NNLO+PS
accurate predictions for B-mesons have been shown to agree
well with experimental data, with scale uncertainties reduced
by more than a factor of two [46]. Nevertheless, at this accu-
racy other sources of uncertainty, most notably the PDF
uncertainty and uncertainties related to the shower settings,
should be assessed as they start to become comparable to the
missing higher order uncertainties, especially at large rapidi-
ties. Moreover, due to the values of the partonic x probed,
it would be necessary to investigate the impact of small-x
resummation on top of the NNLO correction; at this order,
it should be assessed whether it is legit to neglect the effect
of resummation in the partonic coefficient function, which
would require the ingredients for a NNLO+NLL, matching,
which are currently not fully available. Finally, let us men-
tion that a fully consistent treatment would require, alongside
the resummation of small-x logarithms, the joint resumma-
tion of small and large-x logarithms, both in the coefficient
function and in PDFs. Currently such predictions are avail-
able only for very inclusive processes [47], while a PDF set
which include both small- and large-x effects is not avail-
able. The large scale uncertainties at NLO+NLLEPF are suf-
ficiently conservative to neglect the interplay of large and
small-x resummation.

For these reasons, in this work we prefer to use
NLO+NLL§;DF accurate predictions, as the scale uncertain-
ties quoted at this order provide a conservative estimate of the
theoretical error on heavy quark production in the forward
region.

@ Springer
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In contrast to forward heavy hadron production, light
hadron production cannot be described reliably by pertur-
bative QCD due to the small values of O < 1 GeV probed.
Moreover, a description based on a fragmentation function
approach may not be appropriate due to the interplay with the
beam remnants, see e.g. [40]. Instead, light hadron produc-
tion is typically described by hadronic interaction models.
In this work, we use several Monte Carlo event generators
developed for cosmic ray physics but also commonly used
to describe forward particle production: EPOS- LHC [48],
SIBYLL 2.3D [49] and QGSJET 2.04 [50] as implemented
in the CRMC interface [51]. The predictions for these gener-
ators have been validated against LHCf data for forward pho-
tons and neutrons at the 13 TeV collision energy [52,53] and
form an envelope around the data. When presenting results,
we will use EPOS- LHC to obtain our central prediction and
use the spread of the three generator predictions as an esti-
mate of the flux uncertainty.’

3 Application at FASER and FPF

Having discussed our predictions for forward heavy hadron
production, let us now turn to their application in current
and future forward physics experiments. These experiments
utilize that the forward hadrons may decay into neutrinos,
or potentially even into as-yet-undiscovered light dark sec-
tor particles, and hence create an intense, strongly-focused,
and highly energetic beam of these particles along the beam
collision axis.

One of these experiments is FASER, which is situated
about 480 m downstream of the ATLAS interaction point in
a previously unused side tunnel of the LHC [2]. FASER is
aligned with the beam collision axis and covers pseudora-
pidities n = 9. Located at its front is the FASERv neutrino
detector, which consists of a25 cm x 25 cm x 1 m tungsten tar-
get with roughly 1.2 tons target mass that is interleaved with
emulsion films [54,55]. This detector provides a high resolu-
tion image of the charged particle tracks produced in neutrino
interaction and allows the identification of the neutrino flavor
as well as the measurement of their energy [56,57]. Located
behind is FASER’s long-lived particle detector [58—60]. It
consists of a cylindrical decay volume with 1.5 m length and
10cm radius, which is preceded by a veto system and fol-
lowed by a spectrometer and a calorimeter. It is optimized
for particle decays into electron pairs, for which it was found
to have a good acceptance and negligible background [6].

3 We note that an alternative definition of uncertainties, using tuning
variations in Pythia, has been proposed in [40]. The study found that
the uncertainties obtained this way are similar to those obtained using
the spread of generators.
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Upgraded detectors to continue the forward physics pro-
gram are envisioned for the HL-LHC era. These would be
housed within the proposed FPF, a dedicated cavern to be
constructed 620m downstream of ATLAS and designed to
accommodate a suite of experiments [7,8]. This proposal
encompasses three neutrino detectors as well as FASER2
for long-lived particle searches and FORMOSA for milli-
charged particles searches [61]. While different designs have
been considered for FASER2, we assume it to consist of a
1 m radius and 10m long cylindrical decay volume.

In the following, we employ our results on forward heavy
hadron production to predict neutrino fluxes arising from
charm decay and the search sensitivity for electrophilic ALPs
at FASER. We emphasize that these predictions are also
applicable to other experiments at the FPF and other physics
contexts beyond the considered models.

3.1 Neutrinos

One of FASER’s main objectives is the study of high energy
collider neutrinos. The forward-moving neutrinos travers-
ing FASER primarily originate from the weak decay of the
lightest mesons and baryons associated with a specific fla-
vor, notably pions, kaons, and charm hadrons. As discussed
in Ref. [9], charm hadron decays are expected to contribute
predominantly to electron and tau neutrinos, while muon neu-
trinos and low-energy electron neutrinos mainly stem from
light hadron decays. The component arising from B meson
is subdominant, and is discussed in Appendix 5.

We employ our derived results for forward charm hadron
production to predict the expected number of neutrino inter-
actions within FASERv. For this, we consider the configu-
ration of the LHC used at the beginning of Run 3 with a
13.6 TeV center-of-mass energy and a beam half-crossing
angle of 160 prad downwards. To compute the expected
events in FASERv, we fold the neutrino flux with interac-
tion cross-sections obtained from GENIE [62]. We note that
the Bodek-Yang model employed in GENIE agrees with more
recent predictions, and that cross-sections uncertainties are
generally much smaller than the flux uncertainties [63].

The outcome is depicted in the left panel of Fig. 2, which
presents the energy spectrum of interacting electron neutri-
nos originating from charm hadron decay within FASERv
with 200 fb~!. The solid red line represents the central pre-
diction, while the shaded band corresponds to the associ-
ated scale uncertainties. These uncertainties approximately
result in a factor of two variation, which is roughly constant
across the energy range. For reference, we also display the
much smaller PDF uncertainties in a darker shade of red. For
comparative purposes, we also display predictions based on
SIBYLL 2.3D and DPMJET 3.2019.1 [64,65]. Our prediction
isrelatively close to the former, while the latter yields notably
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Fig. 2 Left: Predicted energy spectrum of electron neutrinos from
charm hadrons decay at FASERv. We show the central prediction as
red solid line, the associated uncertainty as light shaded band. For ref-
erence, we also display PDF uncertainties in a darker shade of red. Alter-
native predictions obtained with SIBYLL 2.3D and DPMJET 3.2019.1
are shown as blue dashed lines. The neutrino component from light
hadron decays is shown in grey. Right: Sensitivity of FASER during
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Fig. 3 Predictions for the production of D-meson (left) and B-meson (right) with POWHEG+HERWIG, compared with our default results using
POWHEG+PYTHIA and the LHCb data. In the case of D-meson production we show also the results obtained with POWHEG+HERWIG without the

inclusion of MPI

larger flux predictions for neutrinos originating from charm
decay, respectively.

In addition, to guide the eye, we also show the event rate
arising from light hadron decays as a grey band, which was
obtained using the fast neutrino flux simulation introduced in
Ref. [9]. We can see that the neutrino flux component from
charm decay will provide the leading contribution for elec-
tron neutrinos with energies above roughly 1 TeV. Overall,

we predict 439737 v,, 4267733 v, and 25710 v, charged

current neutrino interactions from charm hadron decays to
occur in FASERv during Run 3 with 200 fb—!.

3.2 Electrophilic ALPs
FASER’s other primary objective is the search for light long-
lived particles as predicted by many models of new physics.

One prominent example are axion-like particles (ALPs).
Multiple ALP-models have been studied in the context of

@ Springer
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Fig. 5 Same as Fig. 2 left, now comparing different PYTHIA tunes as
well as the results obtained using POWHEG+HERWIG

FASER, such as ALPs with dominant coupling to photons
[66], to gluons and quarks [60] and to weak gauge bosons
[67]. Here we consider another, yet unexplored, possibility:
an ALP with dominant couplings to electrons, colloquially
referred to as electrophilic ALP.

Following Ref. [68], we consider a scenario in which the
interaction of electrophilic ALPs with the SM is described
by the interaction Lagrangian £ = 2%;2 opa eytyse. Inaddi-
tion to its couplings to electrons, such an ALP also acquires
couplings to the weak gauge bosons and photons through
the chiral anomaly [68]. The most relevant implication is

@ Springer

that, through the W-boson coupling, the electrophilic ALP
can be produced in flavor-changing hadron decays. Indeed,
in the forward region of the LHC, the dominant produc-
tion channel of such electrophilic ALPs are rare B-meson
decays B — Xjsa as well as kaon decays K — ma. In addi-
tion, we also consider three-body meson decays of the type
PE — evafor P =, K, D and Dy. A detailed overview
over the electrophilic ALP model and its phenomenology can
be found in App. B.

In the considered MeV to GeV mass range, the elec-
trophilic ALP mainly decays into electron pairs, with decays
into photon pairs also becoming important at higher masses.
Notably, for sufficiently small couplings g.., the ALP
becomes long-lived, allowing it to travel a macroscopic dis-
tance before decaying, for example, in FASER. In the fol-
lowing we assume that FASER and FASER?2 can detect the
signal with full efficiency and negligible backgrounds .*

To determine FASER'’s sensitivity to electrophilic ALPs,
we incorporate the model characteristics into the FORESEE
package [69]. The resulting reach, which corresponds to three
signal events in the detector, for FASER during LHC Run3
with 200 fb~! and FASER?2 at the HL-LHC with 3 ab~! in the
ALP parameter space spanned by its coupling g.. and mass
mg, is shown in the right panel of Fig. 2. The solid lines rep-

4 This assumption is certainly justified for the considered di-electron
signature for FASER, see Sect. 3. For the projected FPF reach such an
assumption will generally depends on the capabilities of the proposed
detector to distinguish the di-electron signal from possible neutrino
signatures. The detector is currently being designed, with background
rejection being one of the main criteria.
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resent the central prediction, while the shaded bands reflect
the production uncertainty introduced in Sect. 2. We note
that, despite the substantial flux uncertainties, their overall
impact on the sensitivity reach remains relatively small due
to a strong coupling dependence at both small and large cou-
plings. The flux uncertainties predominantly affect the reach
at the high-mass end of the sensitivity region.

The grey regions have previously been constrained using
searches for long-lived particles at E137 [70] and CHARM
[71]; rare B-meson decays at LHCb [72]; rare kaon decays at
NAG62 [73] and KTeV [74]; rare pion decays at SINDRUM
[75]; and rare W boson decays [68] as well as supernova
SN-1987A [76]. The blue dashed lines indicate the potential
future sensitivity of searches for rare pion decays at PIO-
NEER [77], rare kaon decays at kaon factories [78], and rare
W decays at the LHC [68]. The sensitivity of searches at
future colliders has also been studied [79]. All shown bounds
and potential sensitivities were taken from Ref. [68]. FASER
will independently constrain part of the ALP parameter space
only been assessed by a reinterpretation of the SINDRUM
measurement, but barely probe unexplored parameter space
at the end of LHC Run 3. In contrast, FASER2 will extend
this reach drastically, and be able to probe yet unconstrained
parameter-regions up to ALP masses of 1 GeV. Noticeably,
it will probe regions not projected to be probed by any other
experiment.

4 Conclusions

Measurements of neutrinos and searches for feebly interact-
ing particles at the LHC are attracting growing interest thanks
to the construction of two new experiments probing the very
forward region. This physics program may become even
more relevant with the envisioned future Forward Physics
Facility which could start operating during the high lumi-
nosity phase of the LHC.

In this context, it is of central importance to provide reli-
able estimates for the relevant particle fluxes and their asso-
ciated uncertainties, which, in particular, entail heavy (light)
hadron production. In this letter, we present new predic-
tions for forward heavy hadron production in the FASER
kinematics, based on state-of-the-art QCD calculations. Our
predictions combine the NLO radiative corrections with the
effective inclusion of small-x resummation at NLL, and are
matched to the PYTHIA parton shower program to provide a
realistic description of hadronisation effects.

We use our results for two relevant applications at FASER:
(i) the reliable prediction of neutrino fluxes in the forward
region, and (ii) the sensitivity to long lived particles arising
in new physics scenarios. We find that, despite the relatively
large uncertainties, our predictions for the energy spectrum
of interacting neutrinos coming from charmed hadrons dis-

favour some of the results obtained with other less accurate
frameworks. In the case of long lived particles, we focus
on an electrophilic ALP scenario. We find that the sensitiv-
ity reach of FASER is competitive and complementary to
existing bounds, while the FASER2 upgrade will explore a
substantially larger region of the parameter space.

The predictions for forward hadron production from this
study will open the door to numerous additional applica-
tions, including the use of LHC neutrino flux measurements
to probe QCD in novel kinematic regimes [80] and of high-
energy neutrino scattering to investigate into nuclear struc-
ture [81]. Furthermore, they will enhance the sensitivity
of forward experiments in the pursuit of new physics. The
large perturbative uncertainties characterising forward heavy
hadron production are expected to decrease significantly
thanks to the present (near future) availability of NNLO pre-
dictions for bottom (charm) production matched with par-
ton showers. It will thus become crucial to reduce the other
source of uncertainty, currently subdominant, notably hadro-
nisation and PDF uncertainty. In this respect, it may be bene-
ficial to exploit data collected at FASER and SND@LHC
to reduce these uncertainties, by tackling the challenging
aspects related to the reconstruction of the underlying QCD
heavy-quark production from the neutrino scattering events
measured in forward detectors.
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A Choice of parton shower settings

In this appendix we compare the default predictions
for forward beauty and charm production obtained with
POWHEG+PYTHIA with the ones obtained matching our
POWHEG results to the HERWIG parton shower program. We
also comment on the effect of the removal of multi-parton
interactions from our default POWHEG+PYTHIA setup. We
also briefly comment on the use of a different shower model
within PYTHIA.

We start by comparing the predictions of
POWHEG+HERWIG to those of POWHEG+PYTHIA. The
comparison is shown in Fig. 3 for charm (left panel) and
beauty (right panel) production in the rapidity window
4 <y < 4.5. We observe an overall agreement between the
two results within the large scale uncertainties, especially
at low values of the transverse momentum of the mesons.
At higher transverse momentum the spectrum obtained
with POWHEG+HERWIG is harder; the effect is relatively
mild in the case of beauty meson production, while it is
larger in the case of charm meson production. In particular,
the last two bins of the POWHEG+HERWIG distribution
overshoots the data, which end outside the relatively large
scale uncertainty bands of the NLO prediction. This effect is
present also at lower meson rapidities, leading to an overall
worse description of the LHCb charm data when using
POWHEG+HERWIG.

We noticed that such trend is alleviated when remov-
ing the effect of multi-parton interactions from our
POWHEG+HERWIG predictions (see dashed red curve in the
left panel of Fig. 3). However, the removal of MPI leads
to distortion of the shape of the distribution towards low
values of the meson transverse momentum. Without MPI,
POWHEG+HERWIG does not seem to reproduce the presence
of a peak in the experimental distribution of D-mesons for
pr = 1 —2 GeV and tends to undershoot the data between
2 and 5 GeV, especially in the central rapidity bins.

In contrast, the effect of MPI is milder in the case of
POWHEG+PYTHIA predictions, as we show in Fig. 4. For
beauty meson prediction the removal of MPI effects leads
only to minor differences in the two spectra. For charm meson
prediction the inclusion of MPI leads to a somewhat harder
spectrum, which offers a partially improved description of
the data, especially after the peak of the distribution. Also in
this case we observe that the inclusion of MPI effects leads
to a harder spectrum, but the description of the data in the
tail is improved with respect to the POWHEG+HERWIG case.

Finally, in Fig. 5 we show our results for the energy
spectrum of interacting electron neutrinos originating from
charm hadron, as in Fig. 2, using the default MONASH tune,
the forward tune [40] and POWHEG+HERWIG. We observe
that the effect of using another tune is minor, whereas the
use of a different parton shower has a somewhat larger

@ Springer

effect especially at small and large values of the neutrino
energy, although the uncertainty bands (not shown for the
POWHEG+HERWIG result) do overlap. Since the predictions
obtained with POWHEG+HERWIG provide a somewhat worse
description of the forward data for B and D meson produc-
tion, we prefer not to increase our uncertainty bands, as the
differences between the two parton showers may well be
reduced with a proper tuning of HERWIG.

We have also checked whether the use of a different
shower model within PYTHIA significantly modifies the
POWHEG+PYTHIA results. Specifically, we have considered
the use of VINCIA [85] and DIRE [86] shower models. We
found that the differences with respect to the default PYTHIA
shower can be as large as those between POWHEG+PYTHIA
and POWHEG+HERWIG, although within the quoted uncer-
tainties. Moreover, the differences are affected by the inter-
play with the shower model and the specific tune settings
used in VINCIA and DIRE. For this reason, we refrain from
showing the results obtained with these shower models as
more work is needed to study such an interplay.

B Electrophilic ALPs

In this appendix, we provide more details on the electrophilic
ALP model and its phenomenology. As mentioned in the
main text, the Lagrangian describing the electrophilic ALPs
interaction with the SM is given as [68]

8ee _
L,=0 Pyse.
a na 2m, ey yse H

After integration by parts and considering the chiral anomaly,
this can be written as

Lo =agee (EiVSE +

ez 1 W+ W—,MU
167%m, | 453, 1"

@

—F,wﬁl”} + eyt PLoW, + )

ne

Notably, in addition to its coupling to electrons, the ALP also
obtains couplings to the photon and W-boson. Additional
couplings to ZZ and Zy also exist, but are not shown since
they are not relevant for this work.

ALP Production at the LHC: At the LHC, the electrophilic
ALP can be produced in both two-body hadron decays and
three-body meson decays. For the two-body decays, we find
the primary production channels to be kaon and B-meson
decays. Using the results obtained in Ref. [68], the corre-
sponding branching fractions are:
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Fig. 6 Left: ALP production rate via decay of various mesons as a
function of ALP mass m, at a angular acceptance 6 < 1 mrad. The
lines show the sum of all production channels of the respective meson.
The uncertainty band was derived by varying the scales for charm and
beauty mesons, and by varying the generators for pions and kaons as

2 1/2
BRg+_,,+, =45 x oo X )»mKJanJr’ma s

’ 12
BRKL—>JTOa =27 x 8ee X )‘mKO,mno,mn ’

_ 2 1/2
BRKg%noa =0.3 x g, X )‘mKO,mﬂoymn )

BRp_x,0 = 1.6 10° X g2, X Apy.0.m, -

3
with the Killén function
a*+b*+c* —2(a*b* +a*cr +b3c?) 4
abc = (14 . ( )

In particular, for production via B-meson decay, here we
follow the spectator model approach presented in Ref. [87].
A comparison with other approaches is shown in App. C.

ALPs can also be produced in three-body decays of the
type P — ev.a, where P is a pseudoscalar meson. For this,
we use the differential decay width

dBR(PjE — evea)
dE,

3
= Cp g2, (EZ —m})2, Q)

where

BR(P* — ¢/tvp)
CP = Ap’lg/’oy (6)

2,1240,2
247w mgmy,

which was obtained from the results presented in Ref. [68].
For the coefficients, we obtain C,; = 7.6 x 100 GeV_4,
Ck = 9.9 x 10* GeV™*, Cp, = 7.9 x 10’ GeV~*, and
Cp = 5.5x 10% GeV~*. We find that the most relevant three-
body decay channels are those of kaons and Dg-mesons.
The production rate of ALPs within 1 mrad around the
beam collision axis as a function of ALP mass is shown in
the left panel of Fig. 6. The contributions arising from differ-

103

=210 ; m, = 0.1 GeV
2] gee=6'10_
10 =3-10"6

101<

100 4

Number of events per bin
o
AN
|

N

Ratio
wrt. central
=

0 T :
10! 10?2 103 104
ALP energy E, [GeV]

discussed in Sect. 2. Right: Expected energy spectrum of ALPs decay-
ing in the FASER2 decay volume for three different ALP benchmark
models. The shaded band corresponds to the flux uncertainty. The lower
panel shows the same flux normalized by the central predictions

ent parent hadrons are shown in different colors. The shaded
bands correspond to the hadron production uncertainty as
defined in Sect. 2. For heavy charm and beauty hadrons,
this was obtained using scale uncertainties, while for pions
and kaons this corresponds to the spread of used generators.
We can see that the production rate through different chan-
nels is roughly constant as long as the ALP mass is small
compared to parent hadrons mass, and then plummets when
approaching the respective mass. Overall, two-body decays
of B-mesons are the most prominent production channel,
with kaon decay being of similar significance for ALPs below
200 MeV. While D-meson decays provide a subdominant but
still sizable contribution for ALP masses below 1 GeV, pion
decays are generally of limited relevance.

Lifetime and Decays: In the considered mass range of
1 MeV — 10 GeV, the only kinematically accessible ALP
decay channels are a — ee and a — yy. Following Ref.
[60], the corresponding partial decay widths are

2
r oM _4m§
N
a
2,2 .3
I'V _ o geema (7)
VY = eamdm2
64m°m;

Due to the different mass dependence, the decay into elec-
trons dominates at low masses m, < 0.6 GeV, while decays
in photons will dominate at higher masses. Looking at Fig. 2,
we note that ALPs in the sensitivity region of FASER will
predominantly decay into electron pairs. Decay into photons
will only become relevant at FASER?2. The total decay width
is given by their sum, and the lifetime by the inverse of the
total decay width.

@ Springer
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Event Rate: To obtain the event rate, the flux needs to be con-
voluted with the decay-in-volume probability. In the upper
right panel of Fig. 6 we show the resulting energy spectrum
of ALPs decaying in FASER, including flux uncertainties,
for three benchmarks. We can see that for smaller couplings,
and correspondingly longer lifetimes, the energy spectrum is
broad. In contrast, for large coupling, and thus shorter life-
time, only the most energetic ALPs are able to reach and
decay in FASER. Shown in the lower right panel is the corre-
sponding ratio of the central prediction and the uncertainty.
The uncertainty ratio shows no strong dependence on energy.

C ALP production rate in B-decays

ALP production in beauty hadron decays is, at a partonic
level, related to the flavor changing transition b — sa.
The associated low-energy effective interaction is L5 =
8asbasSpbr + h.c. and arises through loops diagrams involv-
ing the weak interactions. Following Ref. [68], the corre-
sponding coupling is approximately given by

&3m%vmbmt2V[‘;th f m_t2
m; 12874v4

8ash = — > (8)

My
which numerically reduced to g4sp = 1.1 - 1073 Zee-

For long-lived particle searches at a far detector, we are
interested in the inclusive decay branching fraction for B —
X a, where X could be any hadronic final state containing a
strange quark. In the literature, there are different approaches
to obtain this:

Spectator Model. Ref. [87] uses the spectator model,
which predicts a branching fraction

1 (m% — m(%)2

|gasb|2 . 9)
3
I's 327 my

BRB—>XSa =

This description follows the mass dependence of the
b — sa decay. It is not expected to be valid close
to the kinematic end-point and should only be used for
Mg < mp —mg.

Exclusive Model. Ref. [88] estimates the inclusive
branching fraction as a sum over the exclusive branch-
ing fractions for decays of the type B — K, a. Here K;
includes various pseudo-scalar K, scalar K, vectors K*,
axial-vectors K and tensor K 3‘ meson states. This model
is expected to underestimate the inclusive decay width at
lower masses, where additional channels would need to
be taken into account.

Rescaled Model. Ref. [89] suggest to approximate the
inclusive decay width by BRg_, x, & 5 X (BRp_ o +
BRjp_, k+4). Here the factor has been obtained as the ratio

@ Springer
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Fig. 7 Comparison of BR(B — X, a) predictions among the three
modeling approaches for the electrophilic ALP model

of branching fractions for » — s and B — K .
One should note, however, that this factor does not need
to be the same for » — sa and is not expected to capture
the right mass dependence.

In Fig. 7, we present a comparison of predictions for
BR(B — X;a). The exclusive model closely matches the
spectator model for high masses but deviates at low masses.
Such a deficit is expected due to the omission of heavier kaon
resonances and non-resonant kaon plus pion modes, a known
effect in rare B-decays B — X £7£~ [90,91]. Conversely,
the spectator model may overestimate rates at low m, by
neglecting phase space suppression from the finite X mass.
The rescaled model significantly differs from the others. It’s
worth noting that B-physics experiments often employ an
inclusive spectator-model-like approach for studying B —
X;¢te~ and B — X,y decays, finding good agreement
between theory predictions [92] and measurements within
uncertainties [91,93].

Regarding uncertainties, we incorporate a 20% uncer-
tainty factor when using the spectator model to account for
the mass effects associated with the hadronic X final state.
For massive X, the phase space factor (1 —mz / m%)2 should
be replaced by Ap x, 4. For mx, = 1.5 GeV, this results in
approximately a 20% suppression at low masses, motivating
our choice.

5 Neutrinos from B-decays

In the main part of the text, we have presented results for the
dominant neutrino flux components from light and charm
hadron decays. Here, for completeness, we also show results
for the subleading neutrino flux component from beauty
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Fig. 8 Predicted energy spectrum of electron neutrinos (left) and tau neutrinos (right) from light, charm and beauty hadrons decays at FASERv.
We show the central prediction as solid line and the associated uncertainty as light shaded band

hadrons decays. The energy spectrum of electron and tau
neutrinos originating from beauty hadron decay and inter-
acting in FASERv is shown in Fig. 8. We can see that the
neutrino flux from beauty hadrons contributes less than 0.1%
to the number of electron neutrino interactions, but about
3% to the number of tau neutrino interactions. These results
qualitatively agree with those obtained at leading-order using
PyTHIA 8.2 presented in Ref. [54]. We predict 2.54:1):36 Ve,

2.52:1):3; v, and 0.79f8:§g v; charged current neutrino inter-
actions from bottom hadron decays to occur in FASERv dur-
ing Run 3 with 200 fb~!.
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