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IntroductionIntroduction
Neutrinos at the LHCNeutrinos at the LHC
● The hadron collisions at the LHC produce a myriad of hadrons, which can produce 

neutrinos via weak decays

– The neutrinos are never observed by central experiments e.g. ATLAS, CMS

– Similarly, there might be long-lived particles that are not observed at the IP

● LHC neutrinos observed by FASER and SND@LHC!

– However, only little statistics expected during LHC Run III

– Hi-Lumi LHC: purpose-built detectors are proposed for studying the ν beam

Line of sight

LHC ...

...

IP1
New forward 
experiments!

Unobserved decay product, e.g. ν
Great summaries 
given in Mini 
Symposium V!

mailto:SND@LHC
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What about neutrino flux uncertainties?What about neutrino flux uncertainties?

● Predictions for the incoming neutrino flux can be obtained using e.g. various 
generators, based on different models for neutrino production

– Model assumptions affect shape & magnitude of resulting neutrino spectra, 
predictions differ greatly

– Previously unexplored kinematic region, MC generators will need new tunes 

● Important step in understanding SM and the stream towards refining BSM 
searches: large differences between flux predictions, uncertainties are potentially 
large. Ensure physics effects are not covered by uncertainties!

● Using Fisher information, estimate the ultimate uncertainty for the flux by 
parametrizing correlations between a broad set of different predictions

– Projections for various exclusion bounds at existing and proposed detectors
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Interactions within detector
Combine predictions to  
 estimate unc. via Fisher 
  information 

WorkflowWorkflow Software package available at

Predictions for 
hadron production 
at IP1

● Light mesons

● Charm hadrons

Decays into 
neutrinos 
MC samples 
of neutrinos 
(flavor, 
position, 
energy, 
momentum)

Propagate to 
forward 
experiments

● Some models 
affect the 
spectra of 
incoming 
neutrinos

Observed ν 
spectra, with 
uncertainties

Maximal 
constraints

github

N(π,K,c)x(Npredictions-1) = 12 parameters λ Parameters p changing 
produced ν distr.

Param. p’ changing 
observed ν distr.

Find info matrix for observed spectrum m(λ,p,p’)     profiling     constraints

https://github.com/makelat/forward-nu-flux-fit
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The neutrino spectraThe neutrino spectra

Broad envelope 

of p
redictio

ns

Average

      With 50% and 200%
               statistics

Separate spectra for neutrino flavors (no outgoing lepton charge discrimination here)
Predictions:
light 
parent 
hadron + 
charmed

Spectra robust w.r.t 
experimental efficiency

Also possible to divide 
detector into radial bins
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Physics applications – enhanced strangeness Physics applications – enhanced strangeness 
and the cosmic ray muon puzzleand the cosmic ray muon puzzle

● Muon puzzle: 8σ deficit of high-E muons in air 
shower simulations (QCD) vs measurements

● Is the distribution of produced secondary particles 
predicted correctly by current models?

– Enhancement of s production would increase 
number of muons

– Should lead to less pions and more kaons at 
LHC (Enhanced strangeness hypothesis)

● Reweigh the counts of neutrinos associated with 
pions by (1 – fs), and those from kaons by (1 + F fs )

● arXiv: 2202.03095 [hep-ph]: 
fs=0.5 could explain the cosmic ray muon excess 

© CERN

See e.g. arXiv:2105.06148 [hep-ph] for a review

Phenomenological factor, 
account for difference in 
π / K production rates
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Enhanced strangenessEnhanced strangeness

Baseline (f
s
=0.0), 3 radial bins

Discovery potential: 
examine cases with 
non-zero baseline fS

At LHC energies, 
fS might also have 
lower values

~0.5

Ultimate 
constraints 
restrict the 
~0.5 region 
already at 
FASERν

For further 
possibilities, 
great constraining 
power already 
at 10% of 
FPF data

Ratios with f
s
 constraints vs f

s
=0.0

Baseline chosen 
as SIBYLL
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Non-standard interactions (NSI)Non-standard interactions (NSI)
Projected FPF limits improve the 
constraints significantly already 
after 10% of data taking. Full result 
will improve select operators’ limits 
by an order of magnitude

● Extend the SM Lagrangian by dimension-6 EFT terms

(See doi:10.1007/JHEP10(2021)086)
A
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Affects 

interactions in 

detector

FASERν2

IP1

Hadrons 
decaying into ντ 

via SM or BSM

https://link.springer.com/article/10.1007/JHEP10(2021)086
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Neutrino tridentsNeutrino tridents
● Neutrino-induced charged lepton production in Coulomb fields of heavy nuclei

● Observations claimed at

– CHARM II, 3σ, Eν~20 GeV

– CCFR, 3σ 

– NuTeV
 E

ν
~160 GeV

SM

● NuTeV identified additional b.g. (diffractive 
charm) not considered in other measurements
– How conclusive are the results?

● LHC forward experiments: 
– region of interest up to ~5 TeV
– New Eν range, but below W production

BSM: also Z’

This work: 
focus on 
charged 
muons
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The SM trident signalThe SM trident signal
● Consider processes with two muons in the final state

– Background: DIS dimuon production, incoming νμ

– Trident signal: incoming νe, νμ, ντ (νμ dominates)
– High-Z targets optimal! Possibilities for other charged leptons

Trident processes computed using codes of 1406.2332 [hep-ph] 
and 1902.06765 [hep-ph], many thanks to W. Altmannshofer!

Many thanks to M. Fieg, F. Kling 
and FPF colleagues!
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EPOSLHC&BKRS, FASER 2
Background
Signal, no cuts
Signal, cuts

● Signal: two muons originating from one vertex
● Expect a high- and low-E muon in signal events

● To resolve the signal, apply the cuts:

– Require exactly 2 muon tracks

– Maximum decay length: 2 mm

– Max. angle between muons: 0.1 rad

Signal vs backgroundSignal vs background

Great potential for 
conclusive observation 

of ν tridents at FASERν2!
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Constraining 4-Fermi muon interactionsConstraining 4-Fermi muon interactions

● Parametrize new physics interfering with 
muonic interactions by modifying the vector 
and axial couplings

● Coherent N ν
μ
 → N ν

μ
 μ+μ- scattering cross 

section depends on L
αβ

 = Σ
spins

 A
α
 A†

β
 with

At high energies muon mass becomes 
negligible, rendering g

A
, g

V
 behavior symmetric
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● Parametrize new physics interfering with 
muonic interactions by modifying the vector 
and axial couplings

● Coherent N ν
μ
 → N ν

μ
 μ+μ- scattering cross 

section depends on L
αβ

 = Σ
spins

 A
α
 A†

β
 with
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Constraining 4-Fermi muon interactionsConstraining 4-Fermi muon interactions

At high energies muon mass becomes 
negligible, rendering g

A
, g

V
 behavior symmetric

PRELIMINARY

The high E
ν
 enables 

FASERν2 to complement 
projected DUNE bounds 
even with limited statistics!
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Summary and outlookSummary and outlook

Thanks for your Thanks for your 
attention!attention!

● Presented a model & public software package for evaluating ultimate 
precision and effects of various physics cases on forward neutrino spectra

● LHC forward neutrinos have the potential e.g. for

– Solving the cosmic muon ray excess

– Great constraining potential for neutrino NSI & 4-Fermi interactions

– Conclusive observation of neutrino trident interactions
● Probe physics at the EW scale and below
● Also non-μ+μ- final states may be possible (no prior observations!)
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