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The Far-Forwards 
Frontier of LHC Physics



The ATLAS and CMS detectors were designed with a focus on identifying weak-scale and 
heavier particles, whose decay products lie in the central rapidity acceptance region
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y ≃ η = log tan(θ/2)
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γ

neglecting mass effects

p + p → h → γ + γ

scattering angle

Neutrinos at the LHC

Higgs, top, W/Z, supersymmetry,
extra dimensions, composite Higgs…



Forward region for hard-scattering physics restricted to 
LHCb (η < 4.5) and (in the future) ALICE-FoCal (η < 5.0)

Far-forward region mostly not instrumented, except for e.g. 
total cross-section analyses

The ATLAS and CMS detectors were designed with a focus on identifying weak-scale and 
heavier particles, whose decay products lie in the central rapidity acceptance region
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Neutrinos at the LHC



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

Neutrinos at the LHC

Precision study of tau-neutrino interactions

Neutrino Physics QCD & Hadron Structure

Proton and nuclear antimatter & charm

BSM/DM in neutrino sector e.g. sterile neutrino

Neutrino coupling universality at TeV energies Gluon PDF at ultra-small-x; saturation/QGP

Cross-sections for UHE astroparticle physics



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, …

Neutrinos at the LHC



The dawn of the LHC neutrino era
Two far-forward experiments, FASER and SND@LHC, have been instrumenting the LHC far-
forward region since the begin of Run III and reported evidence for LHC neutrinos (March 2023)

153 neutrinos detected, 151± 41 expected 8 neutrinos detected, 4 expected



The dawn of the LHC neutrino era
Two far-forward experiments, FASER and SND@LHC, have been instrumenting the LHC far-
forward region since the begin of Run III and reported evidence for LHC neutrinos (March 2023)

153 neutrinos detected, 151± 41 expected 8 neutrinos detected, 4 expected

Impressively fast progress from inception to installation and to the discovery of LHC neutrinos 

neutrinos were initially 
considered as a 
background …



150 (muon) neutrino 
candidates over basically no 
background

Large uncertainties in theory 
predictions from LHC forward 
particle production

Expected O(thousands) 
neutrinos by end Run III

The dawn of the LHC neutrino era



Outline

 QCD and neutrino physics with TeV neutrinos at the LHC

 Hadron structure with neutrino deep-inelastic scattering at the LHC

 Probing gluons at ultra-small-x at FASER and the FPF

 Neutrino inelastic cross-sections from low- to high-Q
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The LHC as a Neutrino-
Ion Collider



Physics with LHC neutrinos

νe e+

neutrino scattering @ 
LHC forward detectors

ATLAS@LHC

FASER

ν

SND@LHC

isolated by 500 m of 
rock and concrete



νe e+

neutrino scattering @ 
LHC forward detectors

ATLAS@LHC

FASER

ν

SND@LHC

Small-x gluon & large-x (intrinsic) charm

D-meson fragmentation

Cross-sections for UHE neutrinos (e.g. IceCube)

Cosmic ray modelling, including muon puzzle

Neutrino Production

Physics with LHC neutrinos



νe e+

neutrino scattering @ 
LHC forward detectors

ATLAS@LHC

FASER

ν

SND@LHC

DIS with TeV neutrinos: the Neutrino-Ion Collider

Neutrino (effective) interactions at the TeV

Tau-neutrino properties and flavour universality

Nuclear PDFs, strangeness from charm prod

BSM & Dark Matter in neutrino sector

Neutrino Scattering

Physics with LHC neutrinos

FASER, SND@LHC will ``only’’ record a few thousand 
neutrinos: insufficient for most QCD/SM targets …



The Forward Physics Facility

Complementary suite of far-forward experiments, operating concurrently with the HL-LHC

Start civil engineering during LS3 or shortly thereafter, to maximise overlap with HL-LHC

Positive outcome of ongoing site investigation studies (geological drill down to the cavern depth)

The FPF: a new CERN facility to achieve the full potential of LHC far-forward physics
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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

430 pages describing 
scientific case, infrastructure, 
detectors, and simulations

Stepping stone for the FPF 
Conceptual Design Report

The Forward Physics Facility



 Broad, far-reaching program on QCD (small-x gluon, saturation), 
cosmic rays (muon puzzle), neutrino BSM (sterile neutrinos), 
hadronic structure, UHE neutrinos, FCC-pp cross-sections …

The Forward Physics Facility
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The unique SM and BSM physics potential of the FPF relies on the high CoM energy of the LHC: 
unless it is realised at the HL-LHC it will disappear for decades (or forever)!

Strong alignment with EPPSU (2020) and Snowmass (2022) priorisation

Strong support from CERN, LHCC, and Physics Beyond Collider (PBC) group

C. Vallee, PBC 
workshop 11.2022 Building a strong, focused, and diverse 

community of particle physicists  
interested in FPF

Strong synergies with other next-
generation facilities, such as the 
Electron-Ion Collider

The Forward Physics Facility
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Neutrino DIS at the LHC and 
hadron structure

Juan Cruz-Martinez, M. Fieg, T. Giani, P. Krack, G. Magni, 
T. Makela, T. Rabemananjara, JR, in progress



νe e+

neutrino scattering @ 
LHC forward detectors

ATLAS@LHC

FASER

ν

SND@LHC

DIS with TeV neutrinos: Neutrino-Ion Collider

Neutrino (effective) interactions at the TeV

Tau-neutrino properties and flavour universality

Nuclear PDFs, strangeness from charm prod

BSM & Dark Matter in neutrino sector

Neutrino Scattering

Physics with LHC neutrinos

need quantitative impact projections!



Generate DIS pseudo-data at current and 
proposed LHC neutrino experiments

Fully differential calculation based on state-
of-the-art QCD calculations

Model systematic errors based on the 
expected performance of the experiments

Consider both inclusive and charm-
production DIS

neutrino fluxes 
(include rapidity 

acceptance)

DIS differential 
cross-sectionBinningGeometry

number of DIS events per bin

Acceptance

Events per bin

Close collaboration between 
theorists and experiments crucial!

Neutrino DIS at the LHC



Continue highly succesful program of neutrino DIS experiments @ CERN, 

Expand kinematic coverage of available experiments by an order of magnitude in x and Q2

Charged-current counterpart of the Electron-Ion Collider in a comparable region of phase space

Neutrino DIS at the LHC

x: momentum fraction of 
quarks/gluons in the proton

Q2: momentum transfer 
from incoming lepton



Pseudo-data generation

(also 30 ton option)

Current estimates for experimental acceptance and performance, likely to change in final realisation



Pseudo-data generation
Integrated event rates for DIS kinematics for inclusive (charm-tagged) production

Charm-tagged DISInclusive DIS



Pseudo-data generation
Integrated event rates for DIS kinematics for inclusive (charm-tagged) production

Muon-neutrinos are best for DIS fits due to larger event rates and smaller production uncertainties

e.g. FASERν2 would record around 500K (75K) DIS inclusive (charm-tagged) muon-neutrino events

Current experiments are limited by statistics, but FPF experiments will likely be limited by systematics

Ultimate reach achieved by combining data from all experiments (systematics cross-calibration)



Impact on proton PDFs
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PreliminaryPreliminary

Impact on proton PDFs quantified by the Hessian profiling of PDF4LHC21 (xFitter) and by direct 
inclusion in the global NNPDF4.0 fit

Most impact on up and down valence quarks as well as in strangeness

Assume both conservative and optimistic models for systematic errors (limiting factor)

PDFs improved with LHC neutrino data enhance precision HL-LHC measurements like W mass
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Proton structure at small-x 
from forward LHC neutrinos

P. Krack, S. Niedenzu, J. Rojo, 
J. Sola-Cava, work in progress 



QCD and Neutrino Physics at FASER

νe e+

neutrino scattering @ 
LHC forward detectors

ATLAS@LHC

FASER

ν

SND@LHC

Small-x gluon & large-x (intrinsic) charm

D-meson fragmentation

Cross-sections for UHE neutrinos (e.g. IceCube)

Cosmic ray modelling, including muon puzzle

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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NNPDF4.0

CT18
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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
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, (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

Run III data should be able to provide a 
first measurement of the gluon content 
of the proton at x=10-7



Neutrino Structure Functions 
from GeV to EeV Energies

A. Candido, A. Garcia, G. Magni, T. 
Rabemananjara, J. Rojo, R. Stegeman, JHEP 23



The neutrino cross-section landscape

 2204.04237 

Depending on the neutrino energy, different interaction 
mechanisms dominate the neutrino-nucleus cross-section

LHC 
neutrinos

Collider neutrinos cover an 
uncharted range of neutrino 

cross-sections



The neutrino cross-section landscape

For energies > 5 GeV, inelastic scattering 
dominates the inclusive cross-section

Common misconception: inelastic scattering 
does not coincide with deep-inelastic 
scattering (DIS) where pQCD can be applied!

How robust is our theoretical understanding 
of neutrino inelastic scattering interactions?

uncertainty 
bands?

+ Shallow Inelastic 
Scattering (SIS)



Deep-inelastic scattering ( >95% )

The neutrino cross-section landscape

 2204.04237 

Inelastic scattering ( SIS + DIS )

sizable kinematic region where Shallow Inelastic Scattering (SIS) cannot be neglected

LHC 
neutrinos
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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 neutrino cross-sections receives sizeable contributions from Q < 2 GeV 
region, where structure functions cannot be evaluated in the pQCD framework

Deep-Inelastic Scattering

Shallow-Inelastic Scattering

?
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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 neutrino cross-sections receives sizeable contributions from Q < 2 GeV 
region, where structure functions cannot be evaluated in the pQCD framework

Even for neutrino energies of hundreds of 
GeV, sizeable contribution from low-Q 
region

Perturbative QCD not reliable, what to do?

So far, most calculations used in 
phenomenology rely on 
phenomenological models 

muon collider



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

40

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

The Bodek-Yang model

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%)

Cannot be used above 100 TeV: not an option for UHE neutrinos

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 LHC neutrino 

physics as well as IceCube, KM3NET, …

The Bodek-Yang model
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The NNSFν approach
Motivation: realise the first determination of neutrino structure functions valid from 

photoproduction Q = 0 all the way to Q = 100 TeV, enabling calculation of inclusive inelastic 
cross-sections for neutrinos from 5 GeV to 1012 GeV energies



consistent determination of neutrino structure functions valid for 12 orders of 
magnitude from Enu = few GeV up to Enu=1012 GeV

43

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

The NNSFν approach
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The NNSFν results
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The NNSFν results

Agreement with available neutrino structure 
function and cross-section data

Estimate experimental & theory uncertainties

Model-independent determination of nuclear 
corrections

Implemented in GENIE: ready to be used in 
your neutrino simulations!
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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, and astroparticle physics

 Measurements of neutrino DIS structure functions at the LHC open a new probe to proton 
and nuclear structure with a charged-current counterpart of the Electron Ion Collider

 Measurements of electron and tau neutrino event rates at the LHC constrain the small-x 
gluon and large-x charm in unexplored regions by using dedicated observables

 Improved neutrino MC generators demand state-of-the-art QCD calculations suitable for a wide 
kinematic range: NNSFν provides DIS structure functions valid from energies of a few GeV all 
the way up to multi-EeV energies
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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, and astroparticle physics

 Measurements of neutrino DIS structure functions at the LHC open a new probe to proton 
and nuclear structure with a charged-current counterpart of the Electron Ion Collider

 Measurements of electron and tau neutrino event rates at the LHC constrain the small-x 
gluon and large-x charm in unexplored regions by using dedicated observables

 Improved neutrino MC generators demand state-of-the-art QCD calculations suitable for a wide 
kinematic range: NNSFν provides DIS structure functions valid from energies of a few GeV all 
the way up to multi-EeV energies

Thanks for your attention!


