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LHC collisions result into a large flux of energetic neutrinos which escape the detectors 
unobserved: major blind spot of the LHC

Being able to detect and utilise the most energetic human-made neutrinos ever produced 
would open many exciting avenues in QCD, neutrino, and astroparticle physics

The LHC as a neutrino factory



Being able to detect and utilise the most energetic human-made neutrinos ever produced 
would open many exciting avenues in QCD, neutrino, and astroparticle physics

TeV neutrino deep-inelastic scattering: charged-current counterpart of Electron Ion Collider

LHC collisions result into a large flux of energetic neutrinos which escape the detectors 
unobserved: major blind spot of the LHC

The LHC as a neutrino factory



Being able to detect and utilise the most energetic human-made neutrinos ever produced 
would open many exciting avenues in QCD, neutrino, and astroparticle physics

Collider counterpart of high-energy cosmic rays interactions, including prompt neutrino flux

LHC collisions result into a large flux of energetic neutrinos which escape the detectors 
unobserved: major blind spot of the LHC

Auger, IceCube, 
KM3NET, GRAND, …

The LHC as a neutrino factory



Being able to detect and utilise the most energetic human-made neutrinos ever produced 
would open many exciting avenues in QCD, neutrino, and astroparticle physics

Lydia’s talk!

the feasibility of neutrino physics at the LHC already demonstrated by FaserNu and SND@LHC experiments

2021: first neutrino detection @ FaserNu

LHC collisions result into a large flux of energetic neutrinos which escape the detectors 
unobserved: major blind spot of the LHC

The LHC as a neutrino factory



A new facility in a tailor-made underground cavern hosting a suite of far-forward experiments 
suitable to detect long-lived BSM particles and neutrinos produced at the HL-LHC

The Forward Physics Facility

no modifications to the HL-LHC infrastructure or operations required



FPF physics potential
 BSM searches

Light BSM particles produced in the very forward direction 
Decaying dark sector long-lived particles (dark photons, 
dark Higgs, heavy neutral leptons…)
Milli-charged particles, dark matter scattering, … 

 Neutrino physics
Tau neutrino studies (10k tau neutrino interactions, current 
world sample <20) 
Separation of tau neutrino / anti-neutrino, constrain tau 
neutrino EDM 
Tau neutrino decays into heavy flavour (connection with 
LHCb LFV anomalies) 
EFT constraints on neutrino interactions

 QCD, hadron structure, and astroparticle physics
Neutrino cross section measurements (energy region not 
covered by any other experiment)
Neutrino DIS to constrain proton and nuclear structure 
Testing BFKL dynamics in LHC collisions, modelling charm, 
hadron production in forward region
Key input for neutrino (IceCube, KM3NET) and cosmic ray 
astroparticle experiments
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Figure 2: The Forward Physics Facility will probe topics that span multiple frontiers, including
new particles, neutrinos, dark matter, QCD, and astroparticle physics.

Physics Beyond the Standard Model The FPF will allow tests of a wide variety of theories of
physics Beyond the Standard Model (BSM), explaining outstanding questions such as the hierarchy
problem, neutrino masses, the nature of dark matter, inflation, and the matter-antimatter asym-
metry of the universe. New particles and forces can be detected at the FPF in di↵erent ways. Many
theories feature light, weakly-coupled particles that have lifetimes long enough to be produced at
the ATLAS IP and subsequently decay within FPF detectors, like FASER2. Alternatively, DM par-
ticles may scatter inside a dense detector like Advanced SND, FASER⌫2, or FLArE and produce
visible signatures. Both electron and nuclear scattering are possible. Finally, some models have
new states, for example, millicharged particles, which would leave non-standard energy deposits in
detectors. Such particles could be observed at FORMOSA and possibly other detectors.

Searches for new heavy particles benefit from the unparalleled energies at the LHC, and the FPF
will provide leading sensitivities if such states are preferentially produced in the forward direction,
as in the case of quirks. Searches for light states may also be enhanced at the energy frontier,
as they are produced with very high boosts, allowing probes of shorter lifetimes, or through rare
B decays and similar processes that are much less common at other facilities. These capabilities
result in unique projected sensitivities in many BSM models that surpass current, or even future
expected, limits.

Quantum Chromodynamics The FPF has the promising potential to probe our understanding
of the strong interactions as well as of proton and nuclear structure. It will be sensitive to the very
forward production of light hadrons and charmed mesons, providing access to both the very low-x
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QCD and Neutrino 
Interactions at the FPF



Neutrino production and detection

ν

all other SM particles (except muons)
screened by 1km of rock and concrete



Neutrino production and detection



Neutrino production and detection

The FPF is equivalent to a Neutrino-Ion Collider with ECM ⩬ 80 GeV



QCD at the FPF

Forward particle production (light 
hadrons & D-mesons) sensitive down 
to x=10-7

Ultra small-x proton structure & 
BFKL / non-linear QCD dynamics

Tune models of forward hadron 
fragmentation

Constraints on intrinsic charm



QCD at the FPF

Recent evidence for intrinsic charm quarks  in the proton 
from global QCD analysis, validated by LHCb Z+c data

IC enhances rates for forward charm production leading 
to e.g. factor 3 enhancement in tau neutrino rates at FPF

FPF unique probe of intrinsic heavy quarks, key feedback 
for prompt neutrino flux calculations at IceCube/KM3NET

NNPDF, Nature (2022)



QCD at the FPF

Deep-inelastic CC scattering with TeV neutrinos

Continue succesful program of neutrino DIS 
experiments @ CERN

Constrain proton & nuclear light (anti-)quark PDFs 



QCD at the FPF

Excellent complementarity between EIC (neutral 
current) and FPF (charged current) measurements 
of DIS structure function on proton and nuclear targets

A joint analysis of EIC+FPF data markedly improves 
the (n)PDF reach of individual experiments
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Probing hadron structure @ FPF

Eν = k0 = k3

q = k − k′￼

Q2 ≃ 4EνEℓ sin2(θ/2)

Eℓ = k′￼0
ν = Eν − Eℓ

W2 = Q2 (1 − x)
x

= m2
N + 2mNν − Q2x =

Q2

2mNν

y =
ν
Eν

= 1 −
Eℓ

Eν

At the FPF the flux and flavour of the incoming neutrinos depends on the energy: we can either 
take it from existing calculation or constrain it from the data

Focus on charged-current inclusive scattering, with a single charged lepton in final state. Extend to 
semi-inclusive processes (e.g. dimuon production) afterwards

Model how each experiment measures final-state particles to reconstruct the DIS kinematics

Eh = Eν − Eℓ
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Assume that we can access the outgoing charged lepton energy, the lepton scattering angle, 
and the total hadronic energy or invariant mass of the hadronic final state

(Eℓ, θ, W2)
Then we can reconstruct Bjorken-x, momentum transfer square, and incoming neutrino energy

(x, Q2, Eν)
by using the following equations

Q2 ≃ 4EνEℓ sin2(θ/2)

x =
Q2

2mN(Eν − Eℓ)

(x, Q2, y)or

(Eℓ, θ, Eh)or

Eh = Eν − Eℓ fixes neutrino energy

fixes four-momentum transfer

fixes Bjorken-x

nb ideally we’d like to over-constrain the kinematics by measuring more variables than unknowns

Probing hadron structure @ FPF
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Given the DIS kinematics of an event, the interaction probability will be proportional to the double-
differential DIS cross-section

Traditionally neutrino measurements are presented at the level of individual structure functions, but 
this requires extra assumptions: cleaner to measure directly the reduced cross-section

The number of events in a given bin will be given by

Nev(x ∈ [xmin, xmax], Q2 ∈ [Q2
min, Q2

max, Eν ∈ [Eν,min, Eν,max]) ∝ ∫
xmax

xmin

dx∫
Q2

max

Q2
min

dQ2 ∫
Eν,max

Eν,min

dEν
d2σ(x, Q2, Eν)

dxdy
f(Eν)

incoming 
neutrino flux

scattering
cross-section

experiment-
dependent factor

We have produced dedicated sets of FPF pseudo-data for each of the proposed experiments and 
for different systematic correlation models: used as input in NNPDF and xFitter PDF projections 

Probing hadron structure @ FPF
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Probing hadron structure @ FPF

Large statistics for inclusive DIS, with uncertainties at the few % level for most of the bins

When added to PDF4LHC21 via PDF profiling, large impact specially in up and down valence PDFs

Full FPF statistics crucial: PDF impact much reduced e.g. for FASERnu pseudo-data

Work in progress: implement realistic systematic correlation models

FPF WG1, prelim

FPF WG1, prelim
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Probing hadron structure @ FPF

Large statistics for inclusive DIS, with uncertainties at the few % level for most of the bins

When added to PDF4LHC21 via PDF profiling, large impact specially in up and down valence PDFs

Full FPF statistics crucial: PDF impact much reduced e.g. for FASERnu pseudo-data

Work in progress: implement realistic systematic correlation models

FPF WG1, prelim
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Probing hadron structure @ FPF

Large statistics for inclusive DIS, with uncertainties at the few % level for most of the bins

When added to PDF4LHC21 via PDF profiling, large impact specially in up and down valence PDFs

Full FPF statistics crucial: PDF impact much reduced e.g. for FASERnu pseudo-data

Work in progress: implement realistic systematic correlation models

lepton energy El lepton angle θ charged lepton 
sign

hadronic final 
state

FaserNu2 El > 100 GeV
δEl = 30%

tan(θ) < 0.5
δθ = 1 mrad Yes, for muons

Eh accessible,
charm ID possible,
δEh = 30-50%

AdvSND@LHC El > 20 GeV (muon)
θ < 0.15 rad 

(muon)
θ < 0.5 rad 

(electron, tau)

Yes Eh accessible

FLArE
El  < 1 TeV, δEl = 

5% (electron)
El  < 2 GeV (muon)

θ < 0.5 rad, δθ = 
15 mrad (electron)
θ < 0.4 rad (muon)

Maybe, for muons Eh accessible,
δEh = 30%
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Neutrino Structure Functions from 
GeV to EeV energies

arXiv:2302.08527



FPF neutrinos have energy distributions dominated by region  [100 GeV , 5 TeV]. 
How reliably can we predict their cross-sections and event rates?
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The role of the low-Q region

σ(Eν) = ∫
2mNEν

Q2
min

dQ2 [∫
1

Q2/(2mN yEν)
dx

d2σ
dxdQ2

(x, Q2, Eν)]

inclusive cross-section receives sizeable contributions 
from Q < 2 GeV region, where structure functions cannot 

be evaluated in the pQCD framework



FPF neutrinos have energy distributions dominated by region  [100 GeV , 5 TeV]. 
How reliably can we predict their cross-sections and event rates?
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The role of the low-Q region

σ(Eν) = ∫
2mNEν

Q2
min

dQ2 [∫
1

Q2/(2mN yEν)
dx

d2σ
dxdQ2

(x, Q2, Eν)]



based on effective leading-order PDFs (GRV98LO) supplemented to phenomenological 
scaling variables and K-factors to improve agreement with data

25

The Bodek-Yang model is popular to describe inelastic neutrino DIS structure functions

f LO
i (x, Q2) → f LO,BY

i (ξ, Q2) ξ =
2x(Q2 + m2

f + B)

Q2 [1 + 1 + (2mNx)2/Q2] + 2Ax

State of the art

Limitations of the BY model of neutrino structure functions:

Obsolete PDF parametrisation that ignores constraints from the last 25 years

Neglects higher-order QCD corrections (can be up to 100%)

Does not provide uncertainty estimate, difficult to assess its accuracy and precision

Cannot be systematically improvable e.g. by new data
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The Bodek-Yang model is popular to describe inelastic neutrino DIS structure functions

 Improved models of neutrino-nucleon 
interactions essential for FPF physics (as well 

as IceCube, KM3NET, …)

State of the art



consistent determination of neutrino structure functions valid for 12 orders of 
magnitude from Enu = few GeV up to Enu=1012 GeV
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The NNSFν approach
Use available data on neutrino-nucleus scattering to parametrise and determine inelastic 
structure functions by means of the NNPDF fitting methodology

This data-driven parametrisation is made to converge to the pQCD calculation for large enough 
Q2 values as implemented with Lagrange multipliers

In the neutrino energy region sensitive only to Q > few GeV, replace by pQCD calculation
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Smooth matching between data-driven and pQCD regions, uncertainty estimate in whole energy range

Structure functions and integrated cross-sections available via user-friendly LHAPDF grids

For the first time, a unique theory prediction for neutrino inelastic scattering suitable for neutrinos with 
energies from a few GeV up to the multi-EeV region

The NNSFν results
constrain 
from data

constrain 
from QCD
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The NNSFν results
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The NNSFν results

Good agreement with available neutrino 
structure function and cross-section data

Robust estimate of all relevant sources of 
experimental and theory uncertainties

Model-independent determination of nuclear 
corrections to free-nucleon scattering
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NNSFν cross-sections for FPF simulations

Reliable state-of-the-art predictions for differential neutrino cross-sections at FPF energies
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Using NNSFν for neutrino simulations
The NNSFν structure functions are provided in terms of fast LHAPDF interpolation grids

They can be readily used in GENIE by means of the HEDIS package (official GENIE release)

Same GENIE/HEDIS interface: access other cross-section models like Bodek-Yang and BGR18

Implementation in other neutrino event generators straightforward: no reason not to adopt NNSFν 
in your neutrino scattering simulations!
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The HEDIS package
Lead developer: Alfonso Garcia Soto (MIT & IFIC)

Original goal was to extend coverage of GENIE to neutrino energies above 1 TeV

Current implementation, when combined with NNSFν, allows calculations of inelastic scattering 
for all energies from a few GeV to the multi-EeV regime

Alfonso Garcia Soto, GENIE Users 
Meeting, Dec 2021
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The HEDIS package
Successfully deployed for many phenomenological neutrino applications

And ready to become the go-to tool for the modelling of neutrino interactions in the FPF era

 Next milestone: exclusive event generation for high-energy neutrino-nucleus 
interactions at (N)NLO QCD matched to parton showers!

 2204.04237 

 2004.04756 

Forecasts for UHE cross-section measurement   Attenuation rates of UHE neutrinos 
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Summary and outlook
 The FPF would realise an exciting program in a broad range of topics from BSM and long-lived 
particles to neutrinos, QCD, and hadron structure, with connections to astroparticle physics

 The FPF would continue the long tradition of neutrino DIS @ CERN now with TeV beams

 High-energy neutrino DIS would open a new probe to proton and nuclear structure: a charged-
current counterpart of the Electron Ion Collider

 Ongoing studies demonstrate the quantitative reach of FPF measurements to constrain proton 
and nuclear structure, in particular quark & antiquark flavour separation

Precision QCD and neutrino physics at the FPF requires state-of-the-art modelling of neutrino 
inelastic structure functions and cross-sections,

 The NNSFν calculation of neutrino structure functions and cross-sections, valid for all 
energies of phenomenological relevance, is available via the HEDIS module of GENIE


