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Neutrino Production and 
Scattering talk to each other via 
the neutrino fluxes

Ultimately, both ``production’’ 
and ``scattering’’ need to be 
constrained by experimental data



6

Constraints on hadron 
structure with LHC neutrinos:

deep-inelastic scattering

M. Fieg, T. Giani, P. Krack, G. Magni, T. 
Makela, T. Rabemananjara, J. Rojo, work 
in progress from FPF Working Group 1
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FASER: deep-inelastic charged current  scattering with TeV neutrinos

Continue succesful program of neutrino DIS experiments @ CERN, expand kinematic coverage 
of previous experiments both in x and Q

Charged-current analog of the Electron-Ion Collider: the LHC as a Neutrino-Ion Collider

Constrain proton & nuclear light (anti-)quark PDFs, including strangeness

(⩬ Electron-nucleus DIS @ EIC)neutral current

charged current

Deep-Inelastic Scattering at FASER



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

Deep-Inelastic Scattering at FASER

(⩬ Electron-nucleus DIS @ EIC)neutral current

charged current



Neutrino fluxes from Kling-Nevay calculation

Focus on muon neutrinos: higher rates, 
dominated by light hadron production

Generate pseudo-data for DIS structure 
functions for FASER, SND@LHC, and the 
proposed FPF experiments, both inclusive and 
charm production

Assume outgoing lepton charge separation

Model systematic errors based on the feedback 
provided by the experiments

Impact projections

neutrino fluxes 
(include rapidity 

acceptance)

DIS differential 
cross-section

Binning
Geometry/Target

Both for inclusive production and for charm-tagged final states



Neutrino fluxes from Kling-Nevay calculation

Focus on muon neutrinos: higher rates, 
dominated by light hadron production

Generate pseudo-data for DIS structure 
functions for FASER, SND@LHC, and the 
proposed FPF experiments, both inclusive and 
charm production

Assume outgoing lepton charge separation

Model systematic errors based on the feedback 
provided by the experiments

Impact projections

Differential measurements with charge-separation key to achieve sensitivity to proton and nuclear structure



Strategy: xFitter Hessian PDF profiling of PDF4LHC21 (for proton PDF, neglect nuclear 
modifications) and EPPS21 (for tungsten PDF)

Cross-checked with independent inclusion in NNPDF fitting code (global dataset)

Study relative sensitivity of the different experiments, role of lepton charge separation, 
impact of correlated systematics in different scenarios,…

Impact projections

Accurate modelling of systematic covariance matrix key for 
robust results: input from experiment needed!



Results: proton PDFs
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Best scenario: FASER2 
statistics, charm production 
included (strangeness), 
statistical errors only

Reduction of PDF uncertainties 
most marked for valence 
quarks and sea antiquarks

Statistical error only, inclusive + charm data
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Results: proton PDFs

When only inclusive data is 
considered, reduction of 
constraints on strangeness 
and light quark see

Statistical error only, inclusive data



Results: proton PDFs

Cross-checked with inclusion of FASER structure functions into NNPDF global analysis framework

Again main impact on valence quark PDFs

Study impact on precision (High-Luminosity) LHC measurements such as W mass

Statistical error only, inclusive data
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ū

(r
ef

) (
x
,Q

)

10°2 10°1

0.96
0.98
1.00
1.02
1.04
1.06
1.08

x
d̄(

x
,Q

)/
x
d̄(

re
f)
(x

,Q
)



3-
10

2-
10

1-
10

 x  

0.95

1

1.05

V
/x

u
V

x
u

δ
 

2
 = 10000 GeV

2
Q

Current data

2νCurrent data+FASER

3-
10

2-
10

1-
10

 x  

0.9

1

1.1

V
/x

d
V

x
d

δ
 

2
 = 10000 GeV

2
Q

Current data

2νCurrent data+FASER

3-10 2-10 1-10
 x  

0.95

1

1.05x
g

/x
g

δ 

2 = 10000 GeV2Q
Current data

2νCurrent data+FASER

3-
10

2-
10

1-
10

 x  

0.95

1

1.05

Σ
/x

Σ
xδ

 

2
 = 10000 GeV

2
Q

Current data

2νCurrent data+FASER

3-
10

2-
10

1-
10

 x  

0.8

1

1.2

x
s
/x

s
δ

 

2
 = 10000 GeV

2
Q

Current data

2νCurrent data+FASER

1

Results: proton PDFs

Results are robust upon 
inclusion of systematic errors

Depends on assumptions on 
correlation model, in 
particular bin-by-bin 
correlations

Study of different scenarios in 
progress

Statistical + Systematic errors only, inclusive + charm data



Results: nuclear PDFs
Statistical error only, inclusive + charm data
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Profiling of the EPPS21 global 
nPDF fit (Tungsten) reveals a 
consistent picture

Excellent sensitivity to quark 
flavour separation & 
strangeness
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Constraints on hadron 
structure with LHC neutrinos:

charm production

P. Krack, S. Niedenzu, J. Rojo, 
J. Sola-Cava, work in progress 
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D-meson fragmentation
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Neutrino Production

small-x gluon large-x 



QCD and Neutrino Physics at FASER

νe e+

neutrino scattering @ 
LHC forward detectors

ATLAS@LHC

FASER

ν

SND@LHC

QCD prediction: NLO + PS
large theory uncertainties

Constrain from 
FASER/FPF data

Extract from measured 
neutrino fluxes
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Spread of PDF predictions (e.g. small-x gluon) modifies predicted fluxes up to factor 2

Focus on electron and tau neutrinos, with the largest contribution from charm production 
where QCD factorisation can be applied

Construct tailored observables where QCD uncertainties (partially) cancel out

Rojo Part B2 ExHaNuMi

time the gluon PDF down to x ⇠ 10�7 and to search for novel QCD dynamics entering this hitherto uncharted
region such as gluon recombination, BFKL resummation, or the colour-glass condensate [57].

First, I will identify the (experiment-dependent) kinematic regions where D-meson production and decay, which
can be described in the perturbative QCD framework Eq. (1), dominate the forward neutrino flux. For AdvSND,
D-mesons represent the main component of the electron neutrino flux for En ⇠> 500 GeV (Fig. 5a, wip). Second,
I will design and construct tailored observables with optimal sensitivity to the small-x gluon PDFs where QCD
uncertainties cancel out. Two such observables are the ratio Rt/e between event rates of tau and electron
neutrinos for En > 500 GeV, and the ratio Rne

exp between experiments covering different rapidity acceptances

Rt/e(En)⌘
N(nt + n̄t ;En)

N(ne + n̄e;En)
, Rne

exp(En) =
NFASERn(ne + n̄eEn)

NSND@LHC(ne + n̄e;En)
, (2)

The ratio Rne
exp is displayed in Fig. 5b (wip) for En � 1 TeV for different PDF sets. Given that statistical errors

for Rne
exp would be at the 1% level and QCD uncertainties mostly cancel out, this ratio is suitable to cleanly

disentangle the underlying small-x behaviour of the gluon PDF. Third, by means of a fast-grid interface to
QCD calculations [58], I will include FASERn and SND@LHC measurements (and related compound observ-
ables) into the NNPDF global determination [59] to directly constrain the small-x PDFs at x = 10�7, while also
carrying out projections for the FPF reach. By comparing data with theory calculations based on either fixed-
order QCD, BFKL resummation, or the non-linear recombination formalisms within a quantitative likelihood
approach [16], I will ascertain whether novel QCD dynamics affect charm production in this extreme region.

Figure 5. Pinning down gluonic matter. a) The contributions to the forward electron neutrino flux at AdvSND from p-,
K-, D-mesons, and L baryons as a function of En (wip). b) The ratio of electron neutrino event rates between FASERn2
and AdvSND, Eq. (2) focusing on the charm-dominated region and evaluated with different PDF sets (wip).

WP1.3: Fingerprinting intrinsic charm via forward particle production. It is well known that the proton
wave function contains up, down, and strange quarks and antiquarks, whose mass is much smaller than the
proton mass. However, the possible presence of the heavier (mc ⇠ 1.5mp) charm quarks in the proton wave-
function has been contested since more than four decades [60]. The discovery of this intrinsic charm (IC) would
represent not only a milestone for our understanding of QCD, it would also have deep phenomenological im-
plications for a broad range of particle and astroparticle physics processes from the LHC and the EIC [61] to
IceCube [30]. A recent study from my group [15] has reported 3s evidence for IC in agreement with the inde-
pendent constraints provided by Z+charm production from LHCb [62]. Intrinsic charm is determined in [15]
by extracting the charm PDF from a global QCD analysis and removing the perturbative component from high-
energy radiation at N3LO. While consensus within the QCD community about the implications of this analysis
is still lacking [63], this question can be resolved empirically provided the relevant data is available.

LHC neutrinos represent an unprecedented opportunity to fingerprint IC, with forward kinematics inducing
sensitivity to the kinematic region where IC is the largest. Calculations of the number of tau-neutrinos crossing
FASERn2 (Fig. 4d) [12, 64] indicate that for a 1% intrinsic charm the gc initial-state dominates over the gg
contribution, enhancing the non-IC qg initial-state by two orders of magnitude. Using similar techniques as
those from WP1.2, I will quantify the constraints that FASERn and SND@LHC provide on IC and design
observables optimally sensitive to it. By exploiting the information provided by the differences between charm
and anticharm production, I aim to also scrutinise the charm matter-antimatter asymmetry in the proton.

Page 6 of 19

Retain PDF sensitivity while reducing the large QCD uncertainties in the theory prediction

Impact projections
Pythia8



When taking ratios of event rates 
(e.g. charm electron neutrinos vs 
charm muon neutrinos), QCD 
uncertainties reduced to O(few %)

Strategy: assume a measurement of 
inclusive event rates as a function of 
neutrino energy with a given 
precision, quantify impact on PDFs 
via Bayesian reweighting

Rojo Part B2 ExHaNuMi

time the gluon PDF down to x ⇠ 10�7 and to search for novel QCD dynamics entering this hitherto uncharted
region such as gluon recombination, BFKL resummation, or the colour-glass condensate [57].

First, I will identify the (experiment-dependent) kinematic regions where D-meson production and decay, which
can be described in the perturbative QCD framework Eq. (1), dominate the forward neutrino flux. For AdvSND,
D-mesons represent the main component of the electron neutrino flux for En ⇠> 500 GeV (Fig. 5a, wip). Second,
I will design and construct tailored observables with optimal sensitivity to the small-x gluon PDFs where QCD
uncertainties cancel out. Two such observables are the ratio Rt/e between event rates of tau and electron
neutrinos for En > 500 GeV, and the ratio Rne

exp between experiments covering different rapidity acceptances

Rt/e(En)⌘
N(nt + n̄t ;En)

N(ne + n̄e;En)
, Rne

exp(En) =
NFASERn(ne + n̄eEn)

NSND@LHC(ne + n̄e;En)
, (2)

The ratio Rne
exp is displayed in Fig. 5b (wip) for En � 1 TeV for different PDF sets. Given that statistical errors

for Rne
exp would be at the 1% level and QCD uncertainties mostly cancel out, this ratio is suitable to cleanly

disentangle the underlying small-x behaviour of the gluon PDF. Third, by means of a fast-grid interface to
QCD calculations [58], I will include FASERn and SND@LHC measurements (and related compound observ-
ables) into the NNPDF global determination [59] to directly constrain the small-x PDFs at x = 10�7, while also
carrying out projections for the FPF reach. By comparing data with theory calculations based on either fixed-
order QCD, BFKL resummation, or the non-linear recombination formalisms within a quantitative likelihood
approach [16], I will ascertain whether novel QCD dynamics affect charm production in this extreme region.

Figure 5. Pinning down gluonic matter. a) The contributions to the forward electron neutrino flux at AdvSND from p-,
K-, D-mesons, and L baryons as a function of En (wip). b) The ratio of electron neutrino event rates between FASERn2
and AdvSND, Eq. (2) focusing on the charm-dominated region and evaluated with different PDF sets (wip).

WP1.3: Fingerprinting intrinsic charm via forward particle production. It is well known that the proton
wave function contains up, down, and strange quarks and antiquarks, whose mass is much smaller than the
proton mass. However, the possible presence of the heavier (mc ⇠ 1.5mp) charm quarks in the proton wave-
function has been contested since more than four decades [60]. The discovery of this intrinsic charm (IC) would
represent not only a milestone for our understanding of QCD, it would also have deep phenomenological im-
plications for a broad range of particle and astroparticle physics processes from the LHC and the EIC [61] to
IceCube [30]. A recent study from my group [15] has reported 3s evidence for IC in agreement with the inde-
pendent constraints provided by Z+charm production from LHCb [62]. Intrinsic charm is determined in [15]
by extracting the charm PDF from a global QCD analysis and removing the perturbative component from high-
energy radiation at N3LO. While consensus within the QCD community about the implications of this analysis
is still lacking [63], this question can be resolved empirically provided the relevant data is available.

LHC neutrinos represent an unprecedented opportunity to fingerprint IC, with forward kinematics inducing
sensitivity to the kinematic region where IC is the largest. Calculations of the number of tau-neutrinos crossing
FASERn2 (Fig. 4d) [12, 64] indicate that for a 1% intrinsic charm the gc initial-state dominates over the gg
contribution, enhancing the non-IC qg initial-state by two orders of magnitude. Using similar techniques as
those from WP1.2, I will quantify the constraints that FASERn and SND@LHC provide on IC and design
observables optimally sensitive to it. By exploiting the information provided by the differences between charm
and anticharm production, I aim to also scrutinise the charm matter-antimatter asymmetry in the proton.
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Retain PDF sensitivity while reducing the large QCD uncertainties in the theory prediction

Impact projections
POWHEG NLO+PS



Results
Electron neutrinos, 2% uncertainty in inclusive event rates Tau neutrinos, 2% uncertainty in inclusive event rates

Results based on pseudo-data for a measurement of the rapidity ratio (proxy for experiment ratio)

R(e)
y ≡

Nνe
(Eν, 7.5 < yu < 8.0)

Nνe
(Eν, 8.5 < yu < 9.0)

R(τ)
y ≡

Nντ
(Eν, 7.5 < yu < 8.0)

Nντ
(Eν, 8.5 < yu < 9.0)

Sensitivity to small-x gluon outside coverage of any other (laboratory) experiment

Study impact of different observables, QCD errors, and the precision of measurement



Results
Electron neutrinos, 2% uncertainty in inclusive event rates

General improvements of low-mass 
gluon-initiated processes at the LHC

Constraints also on the charm PDF via 
the gluon-charm initial state

FASER Run III data should be able to 
provide the first measurement of the 
gluon content of the proton at x=10-7
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Summary and outlook
 LHC neutrinos 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

 Measurements of muon neutrino DIS structure functions at FASER (FPF) open a new probe 
to proton and nuclear structure: a charged-current counterpart of the Electron Ion Collider

 Measurements of electron and tau neutrino event rates at FASER (FPF) can constrain the 
small-x gluon and large-x cham in unexplored regions by using dedicated observables where 
QCD errors cancel out 
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