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LHC as Neutrino-Ion Collider:
FPF Case Studies
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Introduction & Motivations
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Main LHC detectors were designed to identify weak scale and heavier particles whose decay lie in central rapidity



Introduction & Motivations
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LHC produces an intense and strongly collimated beam of highly energetic particles in the forward direction. 
These fluxes escape the detectors  Major Blind Spot of LHC⟺



Introduction & Motivations: Far-Forward Detectors
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Being able to detect most energetic human-made neutrinos would open new avenues.



Introduction & Motivations: Far-Forward Detectors
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Two far-forward experiments have been operating at LHC since Run III and reported 
Evidence of LHC neutrinos



Introduction & Motivations: Forward Physics Facility
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A new proposed facility at CERN that will complement the far-forward experiments and 
Exploit the full potential of LHC far-forward physics



Introduction & Motivations: Forward Physics Facility
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Fast progress from inception to installation 

Plan to start Civil Engineering during LS3 

Impressive advancements in studying physics’ impacts 
(simulations, etc.)
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Neutrino Physics
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Forward neutrino detectors will measure neutrino cross 
sections at unexplored TeV energies for both NC and CC 

Unprecedented opportunities to study Cosmic-Ray 
modelling and Muon puzzle 

Further study -neutrino (through new light weekly coupled 
gauge boson decays) and flavour universality 

Improve and fine-tune neutrino Monte Carlo (MC) 
Generators

τ



Hadron Substructure & QCD

12

Explore kinematic regions unavailable to current and 
planned experiments 

Constrain PDFs via both NC and CC DIS neutrino 
scattering 

Improve determination of D-meson Fragmentation

Constrain low-  gluon PDF and large-  (intrinsic charm) 

Neutrino from Charm decay provide test-transition to 
small-  factorisation and Gluon saturation 

Improve predictions for cross-sections for Ultra-High 
Energy (UHE) astroparticle physics

x x

x



Beyond Standard Model (BSM) Physics
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Rich and Vast Beyond the Standard Model (BSM) scenarios can be studied at the FPF.



MPIMPI

d�̂0

·
·

·
·

··

Meson

Baryon

Antibaryon

· Heavy Flavour

Hadron Structure with Neutrino
DIS at the LHC

In Collaboration with M. Fieg, P. Krack, T. Mäkelä, J.C. Martinez, J. Rojo



SM Physics with LHC Neutrinos
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Neutrino-Nucleus interaction provide unprecedented opportunities.
Sensitive information on nucleon and nuclear PDFs
Quark & Anti-quark flavour separation including strangeness
High Energy spectrum with very large statistics (up to 1 million)
Complements current data by a factor of 10 both small-  and large-x Q2

Lack of Dedicated 
Projections

 FPF



Projection for Neutrino DIS @ LHC
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Provide state-of-the-art QCD calculations for fully 
differential cross-sections
Consider both inclusive and Charm production (FASER 2)
Generate DIS pseudo-data at current and proposed LHC 
experiments
Model systematic errors based on expected performance for 
each LHC Run II and HL-LHC experiments 
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Experimental Acceptance & Performance
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Current estimate of the 
experimental acceptance 
and performance; may 
subject to change in final 
realisation.

LHC Run III
ℒ = 150 fb−1

LHC Run III
ℒ = 3 ab−1



FPF Pseudodata Generation: Integrated Event Rate
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Integrated Event Rates for Inclusive (Charm) production for DIS Kins.
-neutrino yields largest Event Rates and Smaller Production Uncertainties

FASER 2 and FLArE100 is expected to record highest event rates
Ideal-case scenario is combined measurements  systematics cross-calibration

μ
ν

⟺



FPF Pseudodata Generation: Kinematic Coverage & Nb Events
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FPF Pseudodata Generation: Projected Uncertainties
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Impacts on Nuclear PDFs (Tungsten)
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Using the profiling method applied to Hessian PDFs using the xFitter framework.
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Impacts on Proton PDFs
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Using the profiling method applied to Hessian PDFs using the xFitter framework.
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Strong impacts on the up & down valence quarks and strangeness
For a rather conservative estimate of the Systematic, Systematic Uncertainties present some limitations
PDF determination improve with LHC neutrino enhance HL-LHC measurements (W mass, etc.)



Impact on Proton PDFs
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Consistent with xFitter determination (very 
different methodologies)
Negligible impact on the gluon distribution (even 
when only accounting for statistical errors)
Provides more information on large-  charm PDFx



Stability on Proton PDF Determination
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Charm-Tagged measurements are 
important for precision the study of 
hadron structure

Charged-lepton identification does 
not provide significant impacts

PDF sensitivity largely dominated by 
FASER 2  Including all FPF 
experiments yields results closer to 
FASER 2

ν ⟺

ν



Impacts on (HL-)LHC Phenomenology
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Consistent results between the two methodologies (as was already seen at the PDF level)
Up to a factor of 2 in the uncertainties for processes with quark-(anti)quark in the initial states 
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[arXiv:2302.08527] In Collaboration with A. Candido, A. Garcia, G. Magni, J. Rojo, R. Stegeman
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Relevance of low-  Regions in Neutrino Cross-SectionsQ2

In muon-neutrino inelastic scattering, at , the total cross-section is determined entirely by the low-  regions:Eν ∼ few GeV Q2

σ(Eν) = ∫
2mNEν

Q2
min

dQ2 ∫
1

Q2/(2mNyEν)
dx

d2σ
dxdQ2

(x, Q2, Eν)
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Model the low- : Bodek-Yang (BY)Q2

Shortcomings of the BY model: 

Obsolete PDF parametrisation that neglects constraints on proton & nuclear structure in the last 25 years 

Neglect higher-order perturbative QCD calculations (which can be significant) 

Cannot be matched to calculations of high-energy neutrino scattering based on modern PDF and higher-
QCD calculations, introducing an unnecessary separation between modelling of neutrino interactions 
sensitive to different energy regions. 

Lack of systematic estimate of the uncertainties associated to the predictions  degree of belief⟺ ∄

fLO
i (x, Q2) ⟶ fLO

i (ξ, Q2), with ξ =
2x(Q2 + m2

f + B)

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

BY is based on Effective LO PDFs (GRV98LO) with modified scaling variables and K-factors to approximate higher-
order QCD corrections:
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Model the low- : Bodek-YangQ2

fLO
i (x, Q2) ⟶ fLO

i (ξ, Q2), with ξ =
2x(Q2 + m2

f + B)

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

Bodek-Yang (BY) is based on Effective LO PDFs (GRV98LO) with modified scaling variables and K-factors to 
approximate higher-order QCD corrections:

 LO predictions can 
be up to 25% higher 
wrt NNLO
 NLO predictions 

can be up to 20% 
higher wrt NNLO
 B Y p re d i c t i o n s 

depart from best QCD 
predictions even at 
moderate Q

Q = 2 GeV



NNSF : The Approachν
Use available data on neutrino-nucleus scattering to parametrise and determine the inelastic structure 
functions using a NN as an unbiased interpolant 

The parametrisation is done in such a way that it converges to the pQCD calculations at large enough  

In the region where neutrino energy is sensitive to large- , the parametrisation is replaced by pQCD 
calculations
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NNSF : Experimental Inputsν
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NNSF : Methodologyν
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NNSF : Inclusive Neutrino-Nucleus Cross-Sectionsν
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NNSF : only predictions valid for all  
with uncertainty estimate
Reliable state-of-the-art predictions for 
neutrino inclusive cross-sections at FPF 
energies
Very Good agreement between neutrino 
inelastic structure functions and cross-
sections and experimental measurements
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Conclusions & Outlook
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LHC neutrinos offer unprecedented opportunities to 
further study not only Hadron substructures but also 
astroparticle physics 
Measurements of neutrino DIS interactions will provide 
more constraints for proton and nuclear PDFs

The low-  regions contribute to a significant degree to 
the inclusive neutrino inelastic cross-sections 
State-of-the-art methods relying on Machine Learning 
provide an unbiased and better predictions for neutrino 
physics

Q2


