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Forward physics programme at the LHC

ForwArd Search ExpeRiment

2

> Faser is designed to search for long lived particles (LLP) and 
neutrinos produced in pp collision in ATLAS IP:
– The LLP is produced in the decay of SM meson which are predominantly 

produced very collimated with the beam direction
– Even small detectors on (or close to) the LOS can have good sensitivity in 

these scenarios
> e.g. 1% of pions with E > 10 GeV are produced in the forward 0.000001% of the 

solid angle (ƞ > 9.2)
– 480m from ATLAS IP in the forward regions
– 100m rock to shield most of the background

Long-lived particles (LLP), neutrinos and possibly new BSM particles, are copiously produced in the decay 
of SM mesons

Relatively small detectors close to the line of sight can have good sensitivity: detectors such as FASER and 
SND@LHC complement the experiments focussed on processes at high transverse momentum 

Strong physics case emerging to house a suite of experiments during the HL-LHC era in the proposed Forward 
Physics Facility (FPF)
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Forward hadron production

Reliable estimates of the relevant particle fluxes needed, notably precise predictions for forward hadron 
fluxes and associated uncertainties 

• Light hadron production: simulated using event generators (often originally developed for cosmic ray physics) 

• Heavy hadron production can be described by pQCD methods, achieving a reliable estimate of uncertainties 

•
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Forward hadron production

Reliable estimates of the relevant particle fluxes needed, notably precise predictions for forward hadron 
fluxes and associated uncertainties 

• Light hadron production: simulated using event generators (often originally developed for cosmic ray physics) 

• Heavy hadron production can be described by pQCD methods, achieving a reliable estimate of uncertainties 

•

Current predictions in FASER kinematics often entail approximate descriptions of either the hard scattering or 
the hadronisation that may affect their reliability  

This talk: application of state-of-the-art pQCD predictions for forward fluxes for LLP
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Forward heavy quark production: kinematics
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Figure 1: Contour plot for the values of (x1, x2) sampled in the LO calculation of charm (upper plots)
and bottom (lower plots) production at 7 TeV, within the LHCb fiducial acceptance. The calculation
has been performed with POWHEG using the NNPDF3.0 LO set. The regions in red indicate where
the PDFs are sampled more frequently, while those in blue indicate less frequent sampling. The left plots
have been computed in the full fiducial region, while the right plots are restricted to the forward region
4.0  y  4.5.

• When semi-leptonic decays of D hadrons are considered, the following branching fractions
are enforced: B(D0 ! ⌫lX) = 0.101, B(D± ! ⌫lX) = 0.153, B(D±

s ! ⌫lX) = 0.06, and
B(⇤c ! ⌫lX) = 0.02. Combined with the fragmentation probabilities, this corresponds to
a partial decay width �(c ! ⌫lX)/�(c ! anything) = 0.102 for prompt D hadron decays.

• The fragmentation probabilities f(b ! B) for bottom mesons are taken to be f(b ! Bu) =
f(b ! Bd) = 0.337, as determined by the LHCb analysis of Ref. [63].

2.2 Sensitivity to the small-x gluon PDF

In order to better understand the relation between heavy quark production kinematics and the
gluon PDF, it is useful to determine the coverage in the (x1, x2) plane of the LHCb charm and
bottom measurements, where x1 and x2 are the values of Bjorken-x corresponding to the PDFs in
each of the two incoming protons. This coverage is illustrated by the various contour plots shown
in Fig. 1. These plots contain the values of (x1, x2) sampled by the LO calculation of charm
(upper) and bottom (lower) production at 7 TeV, within the LHCb acceptance. In the left plots,
D0 and B0 hadrons are required to be within the LHCb rapidity acceptance (2.0  y  4.5)
and have been restricted to a low pT region (pT < 8 GeV). In the right plots, the hadrons are

7

Measurements of charm production 
probe average of Bjorken-x ~5x10-5

Heavy quark production at the LHC is driven by the gg luminosity

[Gauld, Rojo, LR, Talbert ’15]

13 PHYSICS PERFORMANCES 89

Figure 65: Correlation between x1 and x2 momentum fractions for events with neutrinos in the
SND@LHC acceptance.

Figure 66: (Left) Di↵erential cross-section for charm production at 13 TeV. (Right) Ratio
between the di↵erential cross-section at 13TeV and the di↵erential cross-section at 7TeV, with
the latter evaluated in the pseudo-rapidity range 4 < ⌘ < 4.5.

Values of x even lower are probed in 
forward kinematics ( ) 
probed in forward facilities

ηc ≳ 7.5

[Buonocore, LR, Tramontano, for the SND@LHC Technical Proposal]

Knowledge of the gluon PDF for values below x ~10-5 is required



MPI@LHC 2023, Manchester, 21 Nov 20234

PDFs and the small-x region: taming PDF uncertainties

Gluon PDF at small x characterised by 
relatively large uncertainties

Different PDF sets may predict quite 
different low-x gluon PDFs (albeit within 
typically large uncertainties) 
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PDFs and the small-x region: taming PDF uncertainties

Gluon PDF at small x characterised by 
relatively large uncertainties

Different PDF sets may predict quite 
different low-x gluon PDFs (albeit within 
typically large uncertainties) 

Reducing PDF uncertainties thanks to LHCb data makes PDF errors moderate at relatively low value of x

Charm and beauty production data have 
been used to provide additional 
information on the small-x gluon, 
constraining the gluon PDF at small-x

[PROSA coll. ’15][Gauld, Rojo, LR, Talbert ’15][Gauld, Rojo, Bertone ’18]
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In the small x region, high energy resummation 
may be relevant for phenomenology

Appearance of single logs due to high-energy 
gluon emission

1
x

lnk x

The kinematic coverage in global PDF fits probes 
Bjorken x values down to few 10-5

Hints towards the importance of small-x 
resummation comes from a poorer description of 
HERA data when data points at smaller values of x 
are included and fixed-order theory is used

PDFs and the small-x region: high-energy resummation
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(brief and incomplete) recap of small-x resummation milestones

Small-x resummation based on kt-factorization and BFKL formalism. Developed mostly in the 90s-00s

Affects both evolution (LLx, NLLx) and coefficient functions (NLLx, lowest logarithmic order) in the singlet 
sector

[Catani,Ciafaloni,Colferai,Hautmann,Salam,Stasto][Altarelli,Ball,Forte] [Thorne,White]

ABF (Altarelli,Ball,Forte) procedure has been revived and further improved 

Resummed splitting functions and coefficient functions available through public code HELL www.ge.infn.it/∼bonvini/hell

Use in PDF fits possible thanks to the interface with APFEL apfel.hepforge.org

[Bonvini, Marzani, Peraro, Muselli, ’16, ’17]

Two extractions of small-x resummed PDFs using this formalism have been performed (NNPDF3.1sx, xFitter) 
[Ball, Bertone, Bonvini, Marzani, Rojo, LR ’17][xFitter ’18]

Federico Silvetti’s talk→

https://www.ge.infn.it/~bonvini/hell
http://apfel.hepforge.org
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NNPDF31sx: PDFs with small-x resummation

All ingredients for a PDF fit to DIS data available

In principle, one should add additional processes: 
‣ DY 
‣ Jets 
‣ top 
‣ …

For which only partial results were available

However, a global fit was performed applying 
conservatives cuts on hadronic data and 
excluding points which may feature small-x 
enhancement

(temporary) 
Exclusion region 

for hadronic data

Q2x1/(�0c) � �2

Value of c (slope of the line) selects the exclusion 
region

αs(Q2)log
1
x

≥ c ∼ 1

[Ball, Bertone, Bonvini, Marzani, Rojo, LR ’17]

7
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stabilisation of the 
gluon with respect to 
the perturbative order

PDFs compatible 
within error at 
medium and large x

[Ball, Bertone, Bonvini, Marzani, Rojo, LR ’17]

NNPDF31sx: impact on PDFs
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Much improved 
description of 
data at small-x 
and their slope
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Confirmed by the sensible improvement in the 
𝜒2 when resummation effects are included, 
coming primarily from the small-x region

(𝜒2NNLO-𝜒2NNLO+NLLx)= -121

[Ball, Bertone, Bonvini, Marzani, Rojo, LR ’17]

Small-x resummation and HERA data
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Small-x resummation for heavy-quark production
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Figure 1. The auxiliary Eq. (2.35) and regular Eq. (2.34) functions as a function of partonic rapidity y

for single quark production of mass m = 4.6 GeV at pt = 2 GeV and x = 10≠5 (left plot). The resummed
coe�cient functions at parton level for each partonic channel constructed according to Eq. (2.33) for the
same kinematics (right plot).
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Figure 2. The double di�erential distribution in rapidity and transverse momentum of the bottom quark,
plotted as a function of the rapidity for pt = 2 GeV, for bottom pair production at LHC 13 TeV. The
left plots are obtained using NNPDF31sx at fixed order, while in the right plot the resummed result is
computed with the resummed PDFs from the same family.

to behave smoothly. In fact, due to the all-order nature of these contributions, it is natural that
some new features arise that are not present at fixed order.

To appreciate the e�ect of the resummed contributions on physical cross sections, we present
the di�erential distributions after convolution with the PDFs in Fig. 2, considering for definite-
ness bottom pair production at LHC 13 TeV. We use the NNPDF31sx [23] PDF set that has been
obtained in the context of a study on inclusion of small-x resummation in PDF fits. The advan-
tage of this set is that it provides PDFs consistently obtained with and without the inclusion of

– 15 –

Coefficient functions for heavy quark production only recently available, though not yet in a form fully 
amenable for phenomenology. However: [Bonvini, Silvetti ’22]

Effect of resummation in the 
coefficient function relatively mild

Largest effect come from the use of 
resummed PDFs

Small-x resummed PDFs necessary but not sufficient to achieve formal NLLx resummation for heavy-hadron 
production (resummed coefficient function needed)

In first approximation, the use of resummed PDFs for forward charm production 
captures the bulk of small-x resummation effects
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Forward charm production at NLO+NLLx: default setup

We compute theoretical predictions at NLO+NLLx matched with parton showers with the POWHEG 
method using the hvq code

We use NNPDF3.1sx + LHCb data, which include small-x resummation at NLLx and include LHCb 
D-meson production data to reduce PDF uncertainties at small-x

Central scale set to μR = μF = m2
QQ̄ + p2

T,QQ̄

Nominal charm and beauty mass mc=1.5 GeV, mb=4.5 GeV

Event showered with Pythia 8.245 using default Monash tune

[Frixione, Nason, Ridolfi ’07]
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Forward charm production at NLO+NLLx: results
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Validation of the setup by comparing our default prediction with forward LHCb data for charmed and beauty hadrons

small-x resummation 
beneficial: improved 
description of the shape, 
especially in the small-pT 
region
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Scale uncertainties rather 
large, at the 30-40% level 
or larger at this order
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The large scale uncertainties at this order allow us to 
neglect other uncertainties in the fixed-order 
calculation (PDF, quark mass) which are subdominant
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Forward charm production at NLO+NLLx: results

Use of LHCb-improved PDF crucial to reduce 
PDF uncertainty

Scale uncertainties can be reduced (by a factor of 
two) recurring to recent NNLO(+PS) calculation, 
with some caveats:

• Charm hadron production not yet publicly available 

• Other uncertainties no longer negligible 

• Matching of NLLx with NNLO required (not currently 
available)

[Mazzitelli, Ratti, Wiesemann, Zanderighi ’23]
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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.
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FIG. 4. Predictions for the production of D-meson (left) and B-meson (right) with Powheg+Pythia with and
without the inclusion of MPI e↵ects and the LHCb data.

hadron decays and three-body meson decays. For
the two-body decays, we find the primary produc-

tion channels to be kaon and B-meson decays. Using
the results obtained in Ref. [62], the corresponding

Forward charm production at NLO+NLLx: MPI effects and shower dependence

Moderate effect of removing MPI from our default 
predictions with PYTHIA8
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Forward charm production at NLO+NLLx: MPI effects and shower dependence

Moderate effect of removing MPI from our default 
predictions with PYTHIA8

Much more pronounced effect with HERWIG 7.2
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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.

FIG. 4. Predictions for the production of D-meson (left) and B-meson (right) with Powheg+Pythia with and
without the inclusion of MPI e↵ects and the LHCb data.

hadron decays and three-body meson decays. For
the two-body decays, we find the primary produc-

tion channels to be kaon and B-meson decays. Using
the results obtained in Ref. [62], the corresponding

Removal of MPI soften considerably the spectrum and 
brings it closer to the LHCb data at high pT, while with 
MPI the predictions tend to overshoot the data

Without MPI, POWHEG+HERWIG does not seem to 
reproduce the peak in the D-meson distribution
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Application 1: Neutrino fluxes at FASERν

Study of high-energy collider neutrino is one of the main objectives of FASER experiment

Neutrinos detected by the FASER  detector, a 25cm x 25cm x 1m tungsten target with ~ 1.2 tons target mass, 
allowing the identification of the neutrino flavour and energy 

ν

13.6 TeV centre-of-mass energy with 150 fb-1 and we fold neutrino fluxes with interaction cross-section 
obtained through the GENIE code 

Predictions for neutrinos from charm hadron decays obtained using our pQCD NLO+NLLx compared with 
DPMJET and SIBYLL, which employ phenomenological models and have been historically used to describe 
forward charm production (with some known limitations)

• SIBYLL models forward charm production phenomenologically by replacing the production 
of a strange pair with a charm pair with a probability fitted to data 

• DPMJET is part of the FLUKA package and is based on the dual parton model for the 
description of soft physics
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Application 1: Neutrino fluxes at FASERν

pQCD predictions error dominated by scale 
uncertainties of about a factor of two across 
the whole neutrino energy range

SIBYLL and DPMJET yield considerably 
smaller and larger predictions, respectively, 
which are not covered by the large 
uncertainties of the NLO+NLLx result

Neutrino flux component from charm decay 
provides the leading contribution for electron  

neutrinos with energies above roughly 1 TeV 

5

FIG. 2. Left: Predicted energy spectrum of electron neutrinos from charm hadrons decay at FASER⌫. We show the
central prediction as red solid line, the associated uncertainty as shaded band, and alternative predictions obtained
with Sibyll 2.3d and DpmJet 3.2019.1 as blue dashed lines. The neutrino component from light hadron decays is
shown in grey. Right: Sensitivity of FASER during LHC Run3 with 200 fb�1 and FASER2 at the HL-LHC with
3 ab�1 in the ALP parameter space. The solid lines correspond to the central prediction of the production rate, while
the shaded bands represent the production uncertainty. Existing constraints are shown as grey shaded regions and
the blue dotted lines show the expected sensitivity of future experiments.

which corresponds to three signal events in the de-
tector, for FASER during LHC Run3 with 200 fb�1

and FASER2 at the HL-LHC with 3 ab�1 in the
ALP parameter space spanned by its coupling gee
and mass ma, is shown in the right panel of Fig. 2.
The solid lines represent the central prediction, while
the shaded bands reflect the production uncertainty
introduced in Sec. II. We note that, despite the sub-
stantial flux uncertainties, their overall impact on
the sensitivity reach remains relatively small due to a
strong coupling dependence at both small and large
couplings. The flux uncertainties predominantly af-
fect the reach at the high-mass end of the sensitivity
region.

The grey regions have previously been con-
strained using searches for long-lived particles at
E137 [64] and CHARM [65]; rare B-meson decays
at LHCb [66]; rare kaon decays at NA62 [67] and
KTeV [68]; rare pion decays at SINDRUM [69]; and
rare W boson decays [62] as well as supernova SN-
1987A [70]. The blue dashed lines indicate the po-
tential future sensitivity of searches for rare pion de-
cays at PIONEER [71], rare kaon decays at kaon fac-
tories [72], and rare W decays at the LHC [62]. All
bounds and potential sensitivities were taken from
Ref. [62]. 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 ex-
tend 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 pro-

jected to be probed by any other experiment.

IV. CONCLUSIONS

Measurements of neutrinos and searches for fee-
bly interacting particles at the LHC are attracting
growing interest thanks to the construction of two
new experiments probing the very forward region.
This physics program will become even more rele-
vant with the planned future Forward Physics Fa-
cility expected to start operating during the high
luminosity phase of the LHC.

In this context, it is of central importance to pro-
vide reliable estimates for the relevant particle fluxes
and their associated uncertainties, which, in partic-
ular, entail heavy (light) hadron production. In this
letter, we present new predictions for forward heavy
hadron production in the FASER kinematics, based
on state-of-the-art QCD calculations. Our predic-
tions combine the NLO radiative corrections with
the e↵ective inclusion of small-x resummation at
NLL, and are matched to the Pythia parton shower
program to provide a realistic description of hadro-
nisation e↵ects.

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 inter-
acting neutrinos coming from charmed hadrons dis-
favour some of the results obtained with other less
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Application 1: Neutrino fluxes at FASERν

pQCD predictions error dominated by scale 
uncertainties of about a factor of two across 
the whole neutrino energy range

SIBYLL and DPMJET yield considerably 
smaller and larger predictions, respectively, 
which are not covered by the large 
uncertainties of the NLO+NLLx result

Neutrino flux component from charm decay 
provides the leading contribution for electron  

neutrinos with energies above roughly 1 TeV 

pQCD prediction relatively stable upon  

• use of a different parton shower (PYTHIA vs 
HERWIG)  
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Application 1: Neutrino fluxes at FASERν

pQCD predictions error dominated by scale 
uncertainties of about a factor of two across 
the whole neutrino energy range

SIBYLL and DPMJET yield considerably 
smaller and larger predictions, respectively, 
which are not covered by the large 
uncertainties of the NLO+NLLx result

Neutrino flux component from charm decay 
provides the leading contribution for electron  

neutrinos with energies above roughly 1 TeV 

pQCD prediction relatively stable upon  

• use of a different parton shower (PYTHIA vs 
HERWIG) 

• Variation of the PYTHIA tune
Including recent forward tune [Fieg, Kling, Schulz, Sjöstrand ’23]



MPI@LHC 2023, Manchester, 21 Nov 202317

Application 2: Electrophilic ALPs at FASER and FASER2
Other main objective of FASER is the search for light long-lived particles predicted by BSM models, notably ALPs

We consider an ALP with a dominant coupling to electrons (electrophilic ALP) with Lagrangian

ℒ =
gee

2me
∂μaēγμγ5e

The ALP acquires couplings to the weak gauge bosons 
through the chiral anomaly which implies that it can 
be produced in flavor-changing hadron decays 

In the forward region of the LHC, the dominant 
production channel of such are rare B-meson 
decays as well as kaon decays*
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FIG. 5. Left: ALP production rate via decay of various mesons as a function of ALP mass ma at a angular acceptance
✓ < 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
discussed in Sec. II. Right: Expected energy spectrum of ALPs decaying in the FASER2 decay volume for three
di↵erent ALP benchmark models. The shaded band corresponds to the flux uncertainty. The lower panel shows the
same flux normalized by the central predictions.

branching fractions are:

BRK±!⇡±a = 45⇥ g2ee ⇥ �1/2
mK+ ,m⇡+ ,ma

,

BRKL!⇡0a = 27⇥ g2ee ⇥ �1/2
mK0 ,m⇡0 ,ma

,

BRKS!⇡0a = 0.3⇥ g2ee ⇥ �1/2
mK0 ,m⇡0 ,ma

,

BRB!Xsa = 1.6 · 105 ⇥ g2ee ⇥ �mB ,0,ma .

(B3)

with the Källén function

�abc=
a4+b4+c4�2(a2b2+a2c2+b2c2)

a4
. (B4)

In particular, for production via B-meson decay,
here we follow the spectator model approach pre-
sented in Ref. [78]. A comparison with other ap-
proaches is shown in Appendix C.

ALPs can also be produced in three-body decays
of the type P ! e⌫ea, where P is a pseudoscalar
meson. For this, we use the di↵erential decay width

dBR(P± ! e⌫ea)

dEa
= CP g2ee(E

2
a �m2

a)
3
2 , (B5)

where

CP =
BR(P± ! `0+⌫`0)

24⇡2m2
em

2
`0

��1
P,`0,0, (B6)

which was obtained from the results presented in
Ref. [62]. For the coe�cients, we obtain C⇡ = 7.6⇥
106 GeV�4, CK = 9.9 ⇥ 104 GeV�4, CDs = 7.9 ⇥
103 GeV�4, and CD = 5.5 ⇥ 102 GeV�4. We find
that the most relevant three-body decay channels
are those of kaons and Ds-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. 5. The con-
tributions arising from di↵erent parent hadrons are
shown in di↵erent colors. The shaded bands cor-
respond to the hadron production uncertainty as
defined in Sec. II. 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 pro-
duction rate through di↵erent channels 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 produc-
tion channel, with kaon decay being of similar sig-
nificance for ALPs below 200 MeV. While D-meson
decays provide a subdominant but still sizable con-
tribution 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 ac-
cessible ALP decay channels are a ! ee and a ! ��.
Following Ref. [54], the corresponding partial decay
widths are

�a!ee =
g2eema

8⇡

s

1� 4m2
e

m2
a

�a!�� =
↵2g2eem

3
a

64⇡3m2
e

.

(B7)

Due to the di↵erent mass dependence, the decay into
electrons dominates at low masses ma . 0.6 GeV,

* light hadron production uncertainty obtained by 
computing the envelope of several MC generators 
originally developed for cosmic ray physics: EPOS-
LHC (central), SYBILL, QGSJET

For sufficiently small couplings , the ALP becomes long-lived, allowing it to travel a macroscopic distance 
before decaying in FASER

gee

[Altmannshofer, Dror, Gori ’22]
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FIG. 2. Left: Predicted energy spectrum of electron neutrinos from charm hadrons decay at FASER⌫. We show the
central prediction as red solid line, the associated uncertainty as shaded band, and alternative predictions obtained
with Sibyll 2.3d and DpmJet 3.2019.1 as blue dashed lines. The neutrino component from light hadron decays is
shown in grey. Right: Sensitivity of FASER during LHC Run3 with 200 fb�1 and FASER2 at the HL-LHC with
3 ab�1 in the ALP parameter space. The solid lines correspond to the central prediction of the production rate, while
the shaded bands represent the production uncertainty. Existing constraints are shown as grey shaded regions and
the blue dotted lines show the expected sensitivity of future experiments.

which corresponds to three signal events in the de-
tector, for FASER during LHC Run3 with 200 fb�1

and FASER2 at the HL-LHC with 3 ab�1 in the
ALP parameter space spanned by its coupling gee
and mass ma, is shown in the right panel of Fig. 2.
The solid lines represent the central prediction, while
the shaded bands reflect the production uncertainty
introduced in Sec. II. We note that, despite the sub-
stantial flux uncertainties, their overall impact on
the sensitivity reach remains relatively small due to a
strong coupling dependence at both small and large
couplings. The flux uncertainties predominantly af-
fect the reach at the high-mass end of the sensitivity
region.

The grey regions have previously been con-
strained using searches for long-lived particles at
E137 [64] and CHARM [65]; rare B-meson decays
at LHCb [66]; rare kaon decays at NA62 [67] and
KTeV [68]; rare pion decays at SINDRUM [69]; and
rare W boson decays [62] as well as supernova SN-
1987A [70]. The blue dashed lines indicate the po-
tential future sensitivity of searches for rare pion de-
cays at PIONEER [71], rare kaon decays at kaon fac-
tories [72], and rare W decays at the LHC [62]. All
bounds and potential sensitivities were taken from
Ref. [62]. 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 ex-
tend 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 pro-

jected to be probed by any other experiment.

IV. CONCLUSIONS

Measurements of neutrinos and searches for fee-
bly interacting particles at the LHC are attracting
growing interest thanks to the construction of two
new experiments probing the very forward region.
This physics program will become even more rele-
vant with the planned future Forward Physics Fa-
cility expected to start operating during the high
luminosity phase of the LHC.

In this context, it is of central importance to pro-
vide reliable estimates for the relevant particle fluxes
and their associated uncertainties, which, in partic-
ular, entail heavy (light) hadron production. In this
letter, we present new predictions for forward heavy
hadron production in the FASER kinematics, based
on state-of-the-art QCD calculations. Our predic-
tions combine the NLO radiative corrections with
the e↵ective inclusion of small-x resummation at
NLL, and are matched to the Pythia parton shower
program to provide a realistic description of hadro-
nisation e↵ects.

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 inter-
acting neutrinos coming from charmed hadrons dis-
favour some of the results obtained with other less

For sufficiently small couplings , the ALP becomes 
long-lived, allowing it to travel a macroscopic 
distance before decaying in FASER

gee

We assume that FASER and FASER2 can detect the 
signal with full efficiency and negligible background 
and we study the sensitivity to the ALP with the 
FORESEE package

We consider two scenarios: 

FASER @LHC Run3 with 200 fb−1 

FASER2 @ HL-LHC with 3 ab-1

Overall impact of the flux uncertainties remains 
relatively small and predominantly affect the reach at 
the high-mass end  

FASER bound competitive with constraints from 
existing searches; FASER2 will extend this reach 
drastically, and be able to probe yet unconstrained 
parameter-regions up to ALP masses of 1 GeV 
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Conclusion and discussion
Precise predictions for forward hadron fluxes and associated uncertainties are essential ingredients for physics 
studies at present and future forward experiments 

Kinematics in the forward region requires understanding of QCD in the small-x region and the assessment of 
relevant uncertainties 

• PDF behaviour at small-x 

• Interplay with high-energy resummation 

State-of-the-art pQCD results @ NLO+NLLx+PS used for reliable predictions of neutrino fluxes and searches for 
new particles produced predominantly in heavy meson decays 

Prospects: ingredients for NNLO predictions for hadro-production and matching with NLLx resummation are 
becoming available, allowing for pushing further the precision frontier in the forward region



MPI@LHC 2023, Manchester, 21 Nov 2023

Backup



MPI@LHC 2023, Manchester, 21 Nov 2023

Electrophilic ALPs 

6

accurate frameworks. In the case of long lived parti-
cles, we focus on an electrophilic ALP scenario. We
find that the sensitivity reach of FASER is competi-
tive 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 applications, including the use of LHC
neutrino flux measurements to probe QCD in novel
kinematic regimes [73] and of high-energy neutrino
scattering to investigate into nuclear structure [74].
Furthermore, they will enhance the sensitivity of for-
ward experiments in the pursuit of new physics.
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Appendix A: Choice of parton shower settings

In this appendix we compare the default predic-
tions for forward beauty and charm production ob-
tained with Powheg+Pythia with the ones ob-
tained matching our Powheg results to the Her-

wig parton shower program. We also comment on
the e↵ect of the removal of multi-parton interactions
from our default Powheg+Pythia setup.

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 val-
ues of the transverse momentum of the mesons. At
higher transverse momentum the spectrum obtained
with Powheg+Herwig is harder; the e↵ect is rel-
atively mild in the case of beauty meson produc-
tion, while it is larger in the case of charm me-
son production. In particular, the last two bins of
the Powheg+Herwig distribution overshoots the

data, which end outside the relatively large scale un-
certainty bands of the NLO prediction. This e↵ect 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
removing the e↵ect of multi-parton interactions
from our Powheg+Herwig predictions (see dashed
red curve in the left panel of Fig. 3). How-
ever, 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 pT ' 1 � 2 GeV and tends to un-
dershoot the data between 2 and 5 GeV, especially
in the central rapidity bins.

In contrast, the e↵ect 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 e↵ects leads only to minor di↵erences in the
two spectra. For charm meson prediction the inclu-
sion of MPI leads to a somewhat harder spectrum,
which o↵ers 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 e↵ects leads to a harder spectrum, but the de-
scription of the data in the tail is improved with
respect to the Powheg+Herwig case.

Appendix 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 describ-
ing the electrophilic ALPs interaction with the SM
is given as [62]

La = @µa
gee
2me

ē�µ�5e. (B1)

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

La=agee

✓
ēi�5e+

e2

16⇡2me


1

4s2W
W+

µ⌫W̃
�,µ⌫

�Fµ⌫ F̃
µ⌫

�
+

ig

2
p
2me

ē�µPL⌫W
�
µ + ...

◆
.

(B2)

Notably, in addition to its coupling to electrons, the
ALP also obtains couplings to the photon and W -
boson. Additional couplings to ZZ and Z� also ex-
ist, 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

ALP can be produced in two- and three-body meson decays
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FIG. 5. Left: ALP production rate via decay of various mesons as a function of ALP mass ma at a angular acceptance
✓ < 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
discussed in Sec. II. Right: Expected energy spectrum of ALPs decaying in the FASER2 decay volume for three
di↵erent ALP benchmark models. The shaded band corresponds to the flux uncertainty. The lower panel shows the
same flux normalized by the central predictions.

branching fractions are:

BRK±!⇡±a = 45⇥ g2ee ⇥ �1/2
mK+ ,m⇡+ ,ma

,

BRKL!⇡0a = 27⇥ g2ee ⇥ �1/2
mK0 ,m⇡0 ,ma

,

BRKS!⇡0a = 0.3⇥ g2ee ⇥ �1/2
mK0 ,m⇡0 ,ma

,

BRB!Xsa = 1.6 · 105 ⇥ g2ee ⇥ �mB ,0,ma .

(B3)

with the Källén function

�abc=
a4+b4+c4�2(a2b2+a2c2+b2c2)

a4
. (B4)

In particular, for production via B-meson decay,
here we follow the spectator model approach pre-
sented in Ref. [78]. A comparison with other ap-
proaches is shown in Appendix C.

ALPs can also be produced in three-body decays
of the type P ! e⌫ea, where P is a pseudoscalar
meson. For this, we use the di↵erential decay width

dBR(P± ! e⌫ea)

dEa
= CP g2ee(E

2
a �m2

a)
3
2 , (B5)

where

CP =
BR(P± ! `0+⌫`0)

24⇡2m2
em

2
`0

��1
P,`0,0, (B6)

which was obtained from the results presented in
Ref. [62]. For the coe�cients, we obtain C⇡ = 7.6⇥
106 GeV�4, CK = 9.9 ⇥ 104 GeV�4, CDs = 7.9 ⇥
103 GeV�4, and CD = 5.5 ⇥ 102 GeV�4. We find
that the most relevant three-body decay channels
are those of kaons and Ds-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. 5. The con-
tributions arising from di↵erent parent hadrons are
shown in di↵erent colors. The shaded bands cor-
respond to the hadron production uncertainty as
defined in Sec. II. 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 pro-
duction rate through di↵erent channels 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 produc-
tion channel, with kaon decay being of similar sig-
nificance for ALPs below 200 MeV. While D-meson
decays provide a subdominant but still sizable con-
tribution 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 ac-
cessible ALP decay channels are a ! ee and a ! ��.
Following Ref. [54], the corresponding partial decay
widths are

�a!ee =
g2eema
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1� 4m2
e
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�a!�� =
↵2g2eem
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Due to the di↵erent mass dependence, the decay into
electrons dominates at low masses ma . 0.6 GeV,
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FIG. 5. Left: ALP production rate via decay of various mesons as a function of ALP mass ma at a angular acceptance
✓ < 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
discussed in Sec. II. Right: Expected energy spectrum of ALPs decaying in the FASER2 decay volume for three
di↵erent ALP benchmark models. The shaded band corresponds to the flux uncertainty. The lower panel shows the
same flux normalized by the central predictions.
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In particular, for production via B-meson decay,
here we follow the spectator model approach pre-
sented in Ref. [78]. A comparison with other ap-
proaches is shown in Appendix C.

ALPs can also be produced in three-body decays
of the type P ! e⌫ea, where P is a pseudoscalar
meson. For this, we use the di↵erential decay width
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which was obtained from the results presented in
Ref. [62]. For the coe�cients, we obtain C⇡ = 7.6⇥
106 GeV�4, CK = 9.9 ⇥ 104 GeV�4, CDs = 7.9 ⇥
103 GeV�4, and CD = 5.5 ⇥ 102 GeV�4. We find
that the most relevant three-body decay channels
are those of kaons and Ds-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. 5. The con-
tributions arising from di↵erent parent hadrons are
shown in di↵erent colors. The shaded bands cor-
respond to the hadron production uncertainty as
defined in Sec. II. 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 pro-
duction rate through di↵erent channels 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 produc-
tion channel, with kaon decay being of similar sig-
nificance for ALPs below 200 MeV. While D-meson
decays provide a subdominant but still sizable con-
tribution 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 ac-
cessible ALP decay channels are a ! ee and a ! ��.
Following Ref. [54], the corresponding partial decay
widths are
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Due to the di↵erent mass dependence, the decay into
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which was obtained from the results presented in
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106 GeV�4, CK = 9.9 ⇥ 104 GeV�4, CDs = 7.9 ⇥
103 GeV�4, and CD = 5.5 ⇥ 102 GeV�4. We find
that the most relevant three-body decay channels
are those of kaons and Ds-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. 5. The con-
tributions arising from di↵erent parent hadrons are
shown in di↵erent colors. The shaded bands cor-
respond to the hadron production uncertainty as
defined in Sec. II. 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 pro-
duction rate through di↵erent channels 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 produc-
tion channel, with kaon decay being of similar sig-
nificance for ALPs below 200 MeV. While D-meson
decays provide a subdominant but still sizable con-
tribution 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 ac-
cessible ALP decay channels are a ! ee and a ! ��.
Following Ref. [54], the corresponding partial decay
widths are
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Due to the di↵erent mass dependence, the decay into
electrons dominates at low masses ma . 0.6 GeV,
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FIG. 5. Left: ALP production rate via decay of various mesons as a function of ALP mass ma at a angular acceptance
✓ < 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
discussed in Sec. II. Right: Expected energy spectrum of ALPs decaying in the FASER2 decay volume for three
di↵erent ALP benchmark models. The shaded band corresponds to the flux uncertainty. The lower panel shows the
same flux normalized by the central predictions.

branching fractions are:
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,

BRKL!⇡0a = 27⇥ g2ee ⇥ �1/2
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,
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,
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with the Källén function
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a4+b4+c4�2(a2b2+a2c2+b2c2)
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. (B4)

In particular, for production via B-meson decay,
here we follow the spectator model approach pre-
sented in Ref. [78]. A comparison with other ap-
proaches is shown in Appendix C.

ALPs can also be produced in three-body decays
of the type P ! e⌫ea, where P is a pseudoscalar
meson. For this, we use the di↵erential decay width
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where

CP =
BR(P± ! `0+⌫`0)

24⇡2m2
em

2
`0

��1
P,`0,0, (B6)

which was obtained from the results presented in
Ref. [62]. For the coe�cients, we obtain C⇡ = 7.6⇥
106 GeV�4, CK = 9.9 ⇥ 104 GeV�4, CDs = 7.9 ⇥
103 GeV�4, and CD = 5.5 ⇥ 102 GeV�4. We find
that the most relevant three-body decay channels
are those of kaons and Ds-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. 5. The con-
tributions arising from di↵erent parent hadrons are
shown in di↵erent colors. The shaded bands cor-
respond to the hadron production uncertainty as
defined in Sec. II. 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 pro-
duction rate through di↵erent channels 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 produc-
tion channel, with kaon decay being of similar sig-
nificance for ALPs below 200 MeV. While D-meson
decays provide a subdominant but still sizable con-
tribution 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 ac-
cessible ALP decay channels are a ! ee and a ! ��.
Following Ref. [54], the corresponding partial decay
widths are
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Due to the di↵erent mass dependence, the decay into
electrons dominates at low masses ma . 0.6 GeV,

ALPs in the sensitivity region of FASER will 
predominantly decay into electron pairs. Decay into 
photons will only become relevant at FASER2. 
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FIG. 5. Left: ALP production rate via decay of various mesons as a function of ALP mass ma at a angular acceptance
✓ < 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
discussed in Sec. II. Right: Expected energy spectrum of ALPs decaying in the FASER2 decay volume for three
di↵erent ALP benchmark models. The shaded band corresponds to the flux uncertainty. The lower panel shows the
same flux normalized by the central predictions.
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constant as long as the ALP mass is small compared
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approaching the respective mass. Overall, two-body
decays of B-mesons are the most prominent produc-
tion channel, with kaon decay being of similar sig-
nificance for ALPs below 200 MeV. While D-meson
decays provide a subdominant but still sizable con-
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Due to the di↵erent mass dependence, the decay into
electrons dominates at low masses ma . 0.6 GeV,
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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 FASER2. The total decay
width is given by their sum, and the lifetime by the
inverse of the total decay width.

Event Rate: To obtain the event rate, the flux
needs to be convoluted with the decay-in-volume
probability. In the upper right panel of Fig. 5 we
show the resulting energy spectrum of ALPs de-
caying in FASER, including flux uncertainties, for
three benchmarks. We can see that for smaller cou-
plings, and correspondingly longer lifetimes, the en-
ergy spectrum is broad. In contrast, for large cou-
pling, and thus shorter lifetime, only the most ener-
getic ALPs are able to reach and decay in FASER.
Shown in the lower right panel is the corresponding
ratio of the central prediction and the uncertainty.
The uncertainty ratio shows no strong dependence
on energy.

Appendix C: ALP Production Rate in B-Decays

ALP production in beauty hadron decays is, at a
partonic level, related to the flavor changing transi-
tion b ! s a. The associated low-energy e↵ective
interaction is Lasb = gasbas̄LbR + h.c. and arises
through loops diagrams involving the weak interac-
tions. Following Ref. [62], the corresponding cou-
pling is approximately given by

gasb = �gee
ml

3m2
Wmbm2

tV
⇤
tsVtb

128⇡4v4
f

✓
m2

t

m2
W

◆
(C1)

which numerically reduced to gasb = 1.1 · 10�3 gee.
For long-lived particle searches at a far detector,

we are interested in the inclusive decay branching
fraction for B ! Xs a, where Xs could be any
hadronic final state containing a strange quark. In
the literature, there are di↵erent approaches to ob-
tain this:

Spectator Model: Ref. [78] uses the spectator
model, which predicts a branching fraction

BRB!Xsa =
1

�B

(m2
B �m2

a)
2

32⇡m3
B

|gasb|2 . (C2)

This description follows the mass dependence of
the b ! s a decay. It is not expected to be valid
close to the kinematic end-point and should only
be used for ma < mB �mK .

Exclusive Model: Ref. [79] estimates the inclu-
sive branching fraction as a sum over the exclu-
sive branching fractions for decays of the type

FIG. 6. Comparison of BR(B ! Xs a) predictions
among the three modeling approaches for the elec-
trophilic ALP model.

B ! Ki a. Here Ki includes various pseudo-scalar
K, scalar K⇤

0 , vectors K⇤, axial-vectors K1 and
tensor K⇤

2 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. [80] suggest to approximate
the inclusive decay width by BRB!Xsa ⇡ 5 ⇥
(BRB!Ka+BRB!K⇤a). Here the factor has been
obtained as the ratio of branching fractions for
b ! sµµ and B ! K(⇤)µµ. One should note,
however, that this factor does not need to be the
same for b ! sa and is not expected to capture
the right mass dependence.

In Fig. 6, we present a comparison of predictions
for BR(B ! Xs 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 ef-
fect in rare B-decays B ! Xs`+`� [81, 82]. Con-
versely, the spectator model may overestimate rates
at low ma by neglecting phase space suppression
from the finite Xs mass. The rescaled model sig-
nificantly di↵ers from the others. It’s worth not-
ing that B-physics experiments often employ an in-
clusive spectator-model-like approach for studying
B ! Xs`+`� and B ! Xs� decays, finding good
agreement between theory predictions [83] and mea-
surements within uncertainties [82, 84].

Regarding uncertainties, we incorporate a 20%
uncertainty factor when using the spectator model
to account for the mass e↵ects associated with the
hadronic Xs final state. For massive Xs, the phase
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Rescaled Model: Ref. [80] suggest to approximate
the inclusive decay width by BRB!Xsa ⇡ 5 ⇥
(BRB!Ka+BRB!K⇤a). Here the factor has been
obtained as the ratio of branching fractions for
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however, that this factor does not need to be the
same for b ! sa and is not expected to capture
the right mass dependence.
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deviates at low masses. Such a deficit is expected
due to the omission of heavier kaon resonances and
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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 FASER2. The total decay
width is given by their sum, and the lifetime by the
inverse of the total decay width.

Event Rate: To obtain the event rate, the flux
needs to be convoluted with the decay-in-volume
probability. In the upper right panel of Fig. 5 we
show the resulting energy spectrum of ALPs de-
caying in FASER, including flux uncertainties, for
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plings, and correspondingly longer lifetimes, the en-
ergy spectrum is broad. In contrast, for large cou-
pling, and thus shorter lifetime, only the most ener-
getic ALPs are able to reach and decay in FASER.
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ratio of the central prediction and the uncertainty.
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(BRB!Ka+BRB!K⇤a). Here the factor has been
obtained as the ratio of branching fractions for
b ! sµµ and B ! K(⇤)µµ. One should note,
however, that this factor does not need to be the
same for b ! sa and is not expected to capture
the right mass dependence.

In Fig. 6, we present a comparison of predictions
for BR(B ! Xs 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 ef-
fect in rare B-decays B ! Xs`+`� [81, 82]. Con-
versely, the spectator model may overestimate rates
at low ma by neglecting phase space suppression
from the finite Xs mass. The rescaled model sig-
nificantly di↵ers from the others. It’s worth not-
ing that B-physics experiments often employ an in-
clusive spectator-model-like approach for studying
B ! Xs`+`� and B ! Xs� decays, finding good
agreement between theory predictions [83] and mea-
surements within uncertainties [82, 84].

Regarding uncertainties, we incorporate a 20%
uncertainty factor when using the spectator model
to account for the mass e↵ects associated with the
hadronic Xs final state. For massive Xs, the phase
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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 FASER2. The total decay
width is given by their sum, and the lifetime by the
inverse of the total decay width.

Event Rate: To obtain the event rate, the flux
needs to be convoluted with the decay-in-volume
probability. In the upper right panel of Fig. 5 we
show the resulting energy spectrum of ALPs de-
caying in FASER, including flux uncertainties, for
three benchmarks. We can see that for smaller cou-
plings, and correspondingly longer lifetimes, the en-
ergy spectrum is broad. In contrast, for large cou-
pling, and thus shorter lifetime, only the most ener-
getic ALPs are able to reach and decay in FASER.
Shown in the lower right panel is the corresponding
ratio of the central prediction and the uncertainty.
The uncertainty ratio shows no strong dependence
on energy.
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trophilic ALP model.

B ! Ki a. Here Ki includes various pseudo-scalar
K, scalar K⇤

0 , vectors K⇤, axial-vectors K1 and
tensor K⇤

2 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. [80] suggest to approximate
the inclusive decay width by BRB!Xsa ⇡ 5 ⇥
(BRB!Ka+BRB!K⇤a). Here the factor has been
obtained as the ratio of branching fractions for
b ! sµµ and B ! K(⇤)µµ. One should note,
however, that this factor does not need to be the
same for b ! sa and is not expected to capture
the right mass dependence.

In Fig. 6, we present a comparison of predictions
for BR(B ! Xs 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 ef-
fect in rare B-decays B ! Xs`+`� [81, 82]. Con-
versely, the spectator model may overestimate rates
at low ma by neglecting phase space suppression
from the finite Xs mass. The rescaled model sig-
nificantly di↵ers from the others. It’s worth not-
ing that B-physics experiments often employ an in-
clusive spectator-model-like approach for studying
B ! Xs`+`� and B ! Xs� decays, finding good
agreement between theory predictions [83] and mea-
surements within uncertainties [82, 84].

Regarding uncertainties, we incorporate a 20%
uncertainty factor when using the spectator model
to account for the mass e↵ects associated with the
hadronic Xs final state. For massive Xs, the phase
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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 FASER2. The total decay
width is given by their sum, and the lifetime by the
inverse of the total decay width.

Event Rate: To obtain the event rate, the flux
needs to be convoluted with the decay-in-volume
probability. In the upper right panel of Fig. 5 we
show the resulting energy spectrum of ALPs de-
caying in FASER, including flux uncertainties, for
three benchmarks. We can see that for smaller cou-
plings, and correspondingly longer lifetimes, the en-
ergy spectrum is broad. In contrast, for large cou-
pling, and thus shorter lifetime, only the most ener-
getic ALPs are able to reach and decay in FASER.
Shown in the lower right panel is the corresponding
ratio of the central prediction and the uncertainty.
The uncertainty ratio shows no strong dependence
on energy.

Appendix C: ALP Production Rate in B-Decays
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which numerically reduced to gasb = 1.1 · 10�3 gee.
For long-lived particle searches at a far detector,
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however, that this factor does not need to be the
same for b ! sa and is not expected to capture
the right mass dependence.

In Fig. 6, we present a comparison of predictions
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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 ef-
fect in rare B-decays B ! Xs`+`� [81, 82]. Con-
versely, the spectator model may overestimate rates
at low ma by neglecting phase space suppression
from the finite Xs mass. The rescaled model sig-
nificantly di↵ers from the others. It’s worth not-
ing that B-physics experiments often employ an in-
clusive spectator-model-like approach for studying
B ! Xs`+`� and B ! Xs� decays, finding good
agreement between theory predictions [83] and mea-
surements within uncertainties [82, 84].

Regarding uncertainties, we incorporate a 20%
uncertainty factor when using the spectator model
to account for the mass e↵ects associated with the
hadronic Xs final state. For massive Xs, the phase


