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Collider neutrinos as probes of  QCD
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atlas.cern/about
deRujula and Ruckl, 1984

CERN TH 3892

SSC and LHC,
pp collisions to make 
pions, kaons, charm 
hadrons, etc, that decay 
into neutrinos + X.

Early discussions 
including:
deRujula & Ruckl (1984)
Winter (1990)
deRujula, Fernandez & Gomez 
(1993)
Vannucci (1993) and others.

Currently, FASERv and 
SND@LHC installed for 
Run 3 based on this idea.



Purpose-built Forward Physics Facility initiative

3
FPF White Papers: arXiv:2203.05090 (“long paper”), see also Anchordoqui et al. Phys. Rept. 968 (2022) 1 (“short paper”)

Relatively low cost –
neutrinos are free!

Need the facility 
infrastructure and 
detectors designed 
for Standard Model 
and BSM Physics.

Underground facility ~620 m far forward from the ATLAS IP, shielded by ~200 m concrete 
and rock. FPF experiments to detect ∼ 10! neutrino interactions, energies up to a few TeV.
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§ Purpose-built facility (FPF)
§ Suite of  experiments for standard model and BSM 

physics, a versatile program.
§ Exploit HL-LHC with relatively low cost.

Possible timeline:
§ Civil engineering, construction of  experiments 

during long shut-down.
§ Beginning of  Run 4 – installation of  services.
§ Mid Run4 – installation of  experiments. 

(Access FPF during LHC running.)

Beginning Fall 2020: CERN PBC civil 
engineering study started. Preferred 
location identified.

FPF White Papers: arXiv:2203.05090, edited by J. Feng, F. Kling, J. Rojo, D. Solding, MHR. 



How forward is forward? New kinematic regimes
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SND@LHC FASERv

FASERv 1.2 ton, 25 cm x 25cm

on axis, 𝜂 > 8.5

SND@LHC 800 kg, 39 cm x 39 cm
off  axis, 8.5 > 𝜂 > 7

Run 3: Detectors are installed and 
taking data with ~30% emulsions.AdvSND (“near”) in range 4 < 𝜂 < 5

Run 3



How forward is forward?
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SND@LHC FASERv

29 kg “suitcase size” prototype detector, 
480 m from interaction point, for  12.2 fb -1 

in pp collisions at 13 TeV.

FASERv pilot: demonstration of  
potential and neutrino candidate events.
FASER, Phys. Rev. D 104 (2021) L091101

AdvSND (“near”) in range 4 < 𝜂 < 5

LHC neutrino physics
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QCD in 𝑝𝑝 and 𝜈𝐴 collisions

8arXiv:2203.05090

hadron production 
that ultimately 
yields neutrinos 
of  all 3 flavors

neutrino interactions
(all 3 flavors, from  
different hadron    

sources) on
nuclear targets
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1. Neutrino fluxes 2. Standard model 
neutrino interactions
on nuclear targets

7/18/2022

FPF Snowmass white 
paper, 2203.05090. 

3. Brief  astroparticle 
physics connection.

QCD in 𝑝𝑝 and 𝜈𝐴 collisions



Neutrino fluxes
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𝜈! + �̅�! fluxes at detector

5/26/2022 11
arXiv:2203.05090

see also Kling & Nevay, PRD104(2021)113008

§ Fluxes in forward region evaluated with several 
MC generators of  hadronic interactions for 
cosmic rays and forward physics + Pythia 8.2 
Monash.

§ Kaons dominate lower energy 𝜈" + �̅�" .
§ Pions dominate lower energy 𝜈# + �̅�#.
§ High energy neutrino fluxes from charm –

perturbative QCD
§ In fact, 𝜈$ + �̅�$ all from charm.

1m x 1m detector surface



Hadrons to neutrinos
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Kling & Nevay, PRD 104 (2021) 113008 Neutrinos from hadron decays:
Full simulation with 
BDSIM/Sibyll 2.3d to estimate 
neutrinos from downstream 
hadronic showers.
Sub-dominant, e.g., 𝜈# + �̅�#:
0.4% of  total Ev>1 TeV
4%  of  total Ev>30 GeV

Most neutrinos at FPF come from 
hadrons that decay in the beam 
pipe.
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NLO perturbative QCD evaluation, PDF and 
large scale variation uncertainties (green). Tied 
to LHCb charm production.

Bai, Diwan, Garzelli, Jeong, Kumar, MHR, 
2112.11605 and 2203.05090, central set PROSA19, 
Zenaiev, Garzelli et al., JHEP 04 (2020) 118.

𝜈" + �̅�" fluxes at detector

MC evaluations – all charm.
DPMJET & Pythia not tuned for charm.

arXiv:2203.05090
see also Kling & Nevay, PRD104(2021)113008



Charm production
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Short white paper 2109.10905

meson=charm meson
Forward neutrino 𝜂% correlated with 𝑦&.

A. Di Crescenzo for SND@LHC, 3rd FPF Meeting

§ PDFs, small x and large x
§ PDFs, intrinsic charm
§ Treatment of  heavy flavor
§ Fragmentation, spectator effects, 

forward baryon production
§ Higher order effects, intrinsic kT 
§ Particle/antiparticle asymmetries

Many opportunities:

⌘⌫
<latexit sha1_base64="2tFoSZsN+neC7BsP7vbkyK24G1I=">AAAB73icbVBNS8NAEN3Ur1q/qh69LBbBU0mqYI8FLx4r2A9oQtlsp+3SzSbuToQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8MJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqObR4LGPdDZkBKRS0UKCEbqKBRaGETji5nfudJ9BGxOoBpwkEERspMRScoZW6PiDr+yrtlytu1V2ArhMvJxWSo9kvf/mDmKcRKOSSGdPz3ASDjGkUXMKs5KcGEsYnbAQ9SxWLwATZ4t4ZvbDKgA5jbUshXai/JzIWGTONQtsZMRybVW8u/uf1UhzWg0yoJEVQfLlomEqKMZ0/TwdCA0c5tYRxLeytlI+ZZhxtRCUbgrf68jpp16reVbV2f11p1PM4iuSMnJNL4pEb0iB3pElahBNJnskreXMenRfn3flYthacfOaU/IHz+QMXIo/4</latexit>

⌘D
<latexit sha1_base64="Vv/BBUaui5Qx4NZhauM7YzukzWg=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqYI8FPXisYGuhDWWz3bRrN5uwOxFK6H/w4kERr/4fb/4bt20O2vpg4PHeDDPzgkQKg6777RTW1jc2t4rbpZ3dvf2D8uFR28SpZrzFYhnrTkANl0LxFgqUvJNoTqNA8odgfD3zH564NiJW9zhJuB/RoRKhYBSt1O5xpP2bfrniVt05yCrxclKBHM1++as3iFkacYVMUmO6npugn1GNgkk+LfVSwxPKxnTIu5YqGnHjZ/Nrp+TMKgMSxtqWQjJXf09kNDJmEgW2M6I4MsveTPzP66YY1v1MqCRFrthiUZhKgjGZvU4GQnOGcmIJZVrYWwkbUU0Z2oBKNgRv+eVV0q5VvYtq7e6y0qjncRThBE7hHDy4ggbcQhNawOARnuEV3pzYeXHenY9Fa8HJZ47hD5zPH0uqjuk=</latexit>



Charm production for neutrinos
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forward charm: high rapidity, 𝑥' ≫ 𝑥( in gluon PDF

D-meson 
production 
for FPF

Small-x region for PDFs:

with and without 
small-x resummation

gluon PDF ratio

§ PDF fits and uncertainties
§ large ln(1/x) and resummation
§ collinear and kT factorization approaches
§ small-x gluon saturation

New kinematic regimes.

7/18/2022

arXiv:2203.05090



Charm production for neutrinos
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D-meson 
production 
for FPF

§ charm sea and potentially intrinsic 
charm, e.g.: fitted charm (a la CT), 
meson cloud model, BHPS model 
with Fock states w ̅𝑐𝑐

Large-x region emphasized:

𝐷! + +𝐷!

forward charm: high rapidity, 𝑥' ≫ 𝑥( in gluon PDF

xF =
pz

pmax
z

<latexit sha1_base64="r8zLffz1ynM5tnn/Ffk0z+qAPgY=">AAACAnicbVDLSgMxFM34rPU16krcBIvgqsxUQTdCQRCXFewD2nHIpJk2NMkMSUZah8GNv+LGhSJu/Qp3/o2ZtgttPXAvh3PuJbkniBlV2nG+rYXFpeWV1cJacX1jc2vb3tltqCiRmNRxxCLZCpAijApS11Qz0oolQTxgpBkMLnO/eU+kopG41aOYeBz1BA0pRtpIvr0/9K8uOqFEOI39hyxvdylHwyzz7ZJTdsaA88SdkhKYoubbX51uhBNOhMYMKdV2nVh7KZKaYkayYidRJEZ4gHqkbahAnCgvHZ+QwSOjdGEYSVNCw7H6eyNFXKkRD8wkR7qvZr1c/M9rJzo891Iq4kQTgScPhQmDOoJ5HrBLJcGajQxBWFLzV4j7yOShTWpFE4I7e/I8aVTK7km5cnNaqlamcRTAATgEx8AFZ6AKrkEN1AEGj+AZvII368l6sd6tj8nogjXd2QN/YH3+AGeVmAk=</latexit>

7/18/2022

arXiv:2203.05090

See also, e.g., Giannini et al, PRD 98 (2018) 014012



Standard Model neutrino 
interactions
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Neutrino interactions
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Estimated number of  CC interactions for Run 3 and HL LHC. Sibyll 2.3d/DPMJet 3.2017

2203.05090

Estimated number of  CC interactions for HL LHC, from NLO QCD w PROSA pdfs.

Bai, Diwan, Garzelli, 
Jeong, Kumar, MHR, 
2112.11605 & 
2203.05090 

Ballpark for CC at 
HL-LHC:
§ 200 K 𝜈" + �̅�"
§ 1 M 𝜈# + �̅�#
§ 5 K 𝜈$ + �̅�$



Neutrino CC DIS cross sections
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Statistical uncertainty only in figures (from 2203.05090).  
§ Neutrinos and antineutrinos.  
§ Charge separation for muon neutrinos and tau neutrinos.
§ Many more tau neutrinos!

7/18/2022



𝜈𝐴 collisions
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1 TeV 𝜈
§ Extends (x,Q) coverage for nuclear

targets.
§ Shown here, for 1 TeV neutrino 

energy, along with hard scattering data 
on nuclear targets.

§ Tungsten, argon targets.

Mary Hall Reno, University of  Iowa7/18/2022

2203.05090



Nuclear effects in neutrino scattering
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Fits from Kovarik et al, PRL 106 (2011) 122301, as shown in 2203.05090 for Q2 = 5 GeV2.

§ Ratios of  F2 for iron and free nucleon for a) charged leptons (BCDMS & SLAC 
experiments) and b) neutrino scattering (NuTeV).

§ Difficult to satisfy lepton EM and neutrino CC scattering with nuclei.

1
<latexit sha1_base64="KWOar8gIwzl53bzQ/wAe75ep49o=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV7LHgxWMF+wFtKJvtpl262YTdiRBKf4QXD4p49fd489+4aXPQ1gcDj/dmmJkXJFIYdN1vZ2Nza3tnt7RX3j84PDqunJx2TJxqxtsslrHuBdRwKRRvo0DJe4nmNAok7wbTu9zvPnFtRKweMUu4H9GxEqFgFK3UHQgVYlYeVqpuzV2ArBOvIFUo0BpWvgajmKURV8gkNabvuQn6M6pRMMnn5UFqeELZlI5531JFI2782eLcObm0yoiEsbalkCzU3xMzGhmTRYHtjChOzKqXi/95/RTDhj8TKkmRK7ZcFKaSYEzy38lIaM5QZpZQpoW9lbAJ1ZShTSgPwVt9eZ106jXvulZ/uKk2G0UcJTiHC7gCD26hCffQgjYwmMIzvMKbkzgvzrvzsWzdcIqZM/gD5/MH9xePSg==</latexit>
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no neutrino no neutrino

only neutrino data only neutrino data

charged leptons neutrinos



Strange PDF
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§ inclusive DIS
§ dimuon production (neutrino 

production of  charm)

NNPDF4.0 normalized to central value of  default PDF set.

Figs. from 2203.05090.



Quasi-elastic, resonant, shallow interactions
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Batell et al.

FASERv2 and FLArE-10 with 10 tons, FLArE-100 100-ton LArTPC. Numbers for LHC-HL 3 ab-1 with Sibyll 2.3c 
in CRMC.

§ About 10% of  𝜎,,(𝜈𝑁) is from Q<1.3 GeV for 𝐸% = 100 GeV in “DIS” evaluation.
§ Resonant production below a TeV (𝜌-) for �̅�" 𝑒 scattering.   Brdar et al. PRD 105 (2022) 093004



Astroparticle physics connections
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Astroparticle physics connections – prompt 
atmospheric neutrinos
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charm production and decay
“prompt atmospheric neutrinos”

FPF

LHCb

Prompt neutrinos are a background 
to the diffuse astrophysical flux for 
underground neutrino detectors. 

2203.05090, see also Jeong, Bai, Diwan, Garzelli, Kumar, MHR, 2107.01178

y is charm rapidity in collider frame

BPL=broken power law; H3a=cosmic ray flux

Mary Hall Reno, University of  Iowa
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§ Neutrinos as proxies for charged mesons:
e.g., energy distribution of

§ Modeling of  cosmic ray air showers.
§ Hadron multiplicities.
§ Forward strangeness and atmospheric 

muons: the muon problem (too many 
muons in HE cosmic ray air showers).

Cosmic ray air shower Monte Carlos
Energy distributions of  pions and kaons relative to EPOS.

Pion and kaon spectra at 14 TeV
(relative to EPOS)

Interplay between FPF  and cosmic ray measurements 
and modeling

See, e.g., Anchordoqui et al., JHEAp 34 (2022) 19. 

⌫e/⌫µ
<latexit sha1_base64="AegPkOduKiwxcxH0UfckHMADJUY=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqs5UwS4LblxWsA/oDCWTZtrQJDMmmUIp/Q43LhRx68e482/MtLPQ1gP3cjjnXnJzwoQzbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TRWiLxDxW3RBrypmkLcMMp91EUSxCTjvh+C7zOxOqNIvlo5kmNBB4KFnECDZWCnyZ9ulV1n2R9ssVt+ougNaJl5MK5Gj2y1/+ICapoNIQjrXueW5ighlWhhFO5yU/1TTBZIyHtGepxILqYLY4eo4urDJAUaxsSYMW6u+NGRZaT0VoJwU2I73qZeJ/Xi81UT2YMZmkhkqyfChKOTIxyhJAA6YoMXxqCSaK2VsRGWGFibE5lWwI3uqX10m7VvWuq7WHm0qjnsdRhDM4h0vw4BYacA9NaAGBJ3iGV3hzJs6L8+58LEcLTr5zCn/gfP4AsWCSBA==</latexit>

2203.050907/18/2022 Mary Hall Reno, University of  Iowa



Summary and final remarks
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§ Neutrino fluxes:
§ High energy neutrinos and all of  tau neutrinos and antineutrinos come from 

heavy flavor decays. Very forward means large-x and small-x regimes for PDFs. 
Can tie heavy flavor predictions to LHCb and DsTau (NA65) with 400 GeV 
proton beam, also to the prompt atmospheric neutrino flux.

§ Prediction of  neutrinos from light meson decays related to simulations of  
cosmic ray air showers: Monte Carlo developments.

§ Ongoing assessments of  Monte Carlo modeling, hadronization/fragmentation, 
intrinsic pT, beam remnants, particle-antiparticle asymmetries.



Summary and final remarks
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§ Neutrino fluxes:
§ Neutrino interactions:

§ Cross sections - dominated by DIS but also contributions of  QE and RES, new 
information for neutrino Monte Carlos.

§ Nuclear effects
§ PDFs in new kinematic ranges.

§ Forward Physics Facility – a relatively low cost facility and experiments can leverage 
the HL-LHC interactions to do interesting physics to better understand the 
fundamental physics of  elementary particles, and perhaps, discover new particles 
and forces (lots more in the Snowmass White Paper).

§ Our understanding of  fundamental standard model physics (at the FPF and more 
broadly) is required to “explore the unknown.”
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Costs and timeline
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Very preliminary:
§ 25 MCHF for Civil Engineering
§ 15 MCHF for Services
§ say $10M/experiment

Possible timeline:
§ Civil Engineering during long shutdown
§ Installation of  services at start of  Run 4
§ Install experiments to be ready during 

the last stages of  Run4 and HL era


