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Collider neutrinos – more than missing energy!

Hallsie Reno, University of Iowa 2Brookhaven Forum 2023  

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)

Currently: FASERv and 
SND@LHC installed in existing 
tunnels.
Proposed: Forward Physics 
Facility. 

Neutrinos produced that go down 
the beam pipe.



Purpose-built Forward Physics Facility
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Detectors designed for 
Standard Model and BSM 
Physics.

Neutrino detection at 
FASERv2, AdvSND and FLArE.

Report on core samples 
taken to evaluate site/cost 
complete.

Underground facility ~620 m far forward from the ATLAS IP, shielded by concrete and rock. 
FPF experiments to detect ∼ 10! neutrino interactions in high-luminosity run, energies up 
to a few TeV.

White paper: Feng et al., Phys.G 50 (2023) 030501

Hallsie Reno, University of Iowa
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https://indico.cern.ch/event/1296658/ Recent Forward Physics Theory Workshop Sept 18-19 @ CERN, 
Forward Physics Facility Slack channel, FPF Workshops

Hallsie Reno, University of Iowa

FPF white papers 
short: 
Anchordoqui et al, 
2109.10905  
long: Feng et al, 
2203.05090

and see references 
therein!

https://indico.cern.ch/event/1296658/


Collider neutrinos: 𝑝𝑝 and 𝜈𝐴 collisions
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hadron production that 
ultimately yields 
neutrinos of all 
3 flavors

neutrino interactions
(all 3 flavors, from  
different hadron    
sources) on
nuclear targets

Hallsie Reno, University of Iowa

Neutrinos as proxies for hadrons

Neutrino flavor,
neutrino interactions 
(SM and BSM)



LHC Run 3

5/26/2022 Mary Hall Reno, University of Iowa 6https://www.epfl.ch/labs/lphe/en/4266-2/

SND@LHC

FASERv

Both experiments installed, in 
T12 and T18 existing injector 
tunnels on either side of the 
ATLAS IP.
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<latexit sha1_base64="y3VwHZr3S79kPPBHYgaF5N1ajgQ=">AAACJHicbVDLSgMxFM34rPVVdekmWIS6sMxUwYIIRTcuK9gHdIaSSTNtaCYzJHeEMvRj3Pgrblz4wIUbv8W0nYW2Hgg5nHMuyT1+LLgG2/6ylpZXVtfWcxv5za3tnd3C3n5TR4mirEEjEam2TzQTXLIGcBCsHStGQl+wlj+8mfitB6Y0j+Q9jGLmhaQvecApASN1C5cuA4Kv8KkrpHvN+33RcYFktOQGitDUhYEJjdPKeCqrk9nldQtFu2xPgReJk5EiylDvFt7dXkSTkEmggmjdcewYvJQo4FSwcd5NNIsJHZI+6xgqSci0l06XHONjo/RwEClzJOCp+nsiJaHWo9A3yZDAQM97E/E/r5NAUPVSLuMEmKSzh4JEYIjwpDHc44pRECNDCFXc/BXTATHFgOk1b0pw5ldeJM1K2TkrV+7Oi7VqVkcOHaIjVEIOukA1dIvqqIEoekTP6BW9WU/Wi/Vhfc6iS1Y2c4D+wPr+AWm0pK0=</latexit> 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

150 fb -1

Figures “not to scale.”



First neutrino events at LHC Run 3: 𝜈!𝐶𝐶 (muons)
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FASER Collab, PRL 131 (2023) 031801 SND@LHC Collab, PRL 131 (2023) 031802



Run 3 & FPF Detectors

Brookhaven Forum 2023  Hallsie Reno, University of Iowa 8
Cruz-Martinez et al, 2309.09581

Emulsion detectors w/ tungsten plates 
and auxiliary detectors:
• FASERv, FASERv2
• SND@LHC, AdvSND
LAr TPC:
• FLArE

Magnetic field:
• FASER, FASER2
• AdvSND



Collider neutrinos: 𝑝𝑝 and 𝜈𝐴 collisions
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hadron production that 
ultimately yields 
neutrinos of all 
3 flavors

neutrino interactions
(all 3 flavors, from  
different hadron    
sources) on
nuclear targets

Hallsie Reno, University of Iowa

Neutrinos as proxies for hadrons

Neutrino flavor,
neutrino interactions 
(SM and BSM)



Neutrinos as proxies for hadrons at the LHC
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Charm contributions: Jeong, Bai, MHR (similar to Bai, Diwan, Garzelli et al, 2112.11605,2203.07212) NLO+kT
smearing; L. Buonocore and L. Rottoli, in preparation (2023) NLO+PS (NLL_x PDFs);
Light meson contributions: see e.g., Kling & Nevay, Phys.Rev.D 104 (2021) 113008

All from charm.HE charm, plus kaons. HE charm, lots of pions.

Example: Interactions at FASERv with 35 fb-1 (will extend to 150 fb-1 in Run 3)

(~200) (~1200) (~4)

⌫e + ⌫̄e
<latexit sha1_base64="+RoeVw9gbWAkZ0LaDmzhee6MImc=">AAAB+HicbZDLSsNAFIZP6q3WS6Mu3QSLIAglqYJdFty4rGAv0IQwmU7aoZNJmItQS5/EjQtF3Poo7nwbp2kW2vrDwMd/zuGc+aOMUalc99sqbWxube+Udyt7+weHVfvouCtTLTDp4JSloh8hSRjlpKOoYqSfCYKSiJFeNLld1HuPREia8gc1zUiQoBGnMcVIGSu0qz7XIbn0IyRyCu2aW3dzOevgFVCDQu3Q/vKHKdYJ4QozJOXAczMVzJBQFDMyr/hakgzhCRqRgUGOEiKDWX743Dk3ztCJU2EeV07u/p6YoUTKaRKZzgSpsVytLcz/agOt4mYwozzTinC8XBRr5qjUWaTgDKkgWLGpAYQFNbc6eIwEwspkVTEheKtfXoduo+5d1Rv317VWs4ijDKdwBhfgwQ204A7a0AEMGp7hFd6sJ+vFerc+lq0lq5g5gT+yPn8AjeqS/Q==</latexit>

⌫µ + ⌫̄µ
<latexit sha1_base64="zFqE4ItIG6Q/F0157pPJeezUBfM=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiCEJJqmCXBTcuK9gLNCFMppN26MwkzEUIpb6KGxeKuPVB3Pk2TtsstPWHgY//nMM588cZo0p73rdT2tjc2t4p71b29g8Oj9zjk65KjcSkg1OWyn6MFGFUkI6mmpF+JgniMSO9eHI7r/ceiVQ0FQ86z0jI0UjQhGKkrRW51UCYKODmMoiRLDhya17dWwiug19ADRRqR+5XMEyx4URozJBSA9/LdDhFUlPMyKwSGEUyhCdoRAYWBeJEhdPF8TN4bp0hTFJpn9Bw4f6emCKuVM5j28mRHqvV2tz8rzYwOmmGUyoyo4nAy0WJYVCncJ4EHFJJsGa5BYQltbdCPEYSYW3zqtgQ/NUvr0O3Ufev6o3761qrWcRRBqfgDFwAH9yAFrgDbdABGOTgGbyCN+fJeXHenY9la8kpZqrgj5zPH87TlNc=</latexit>

⌫⌧ + ⌫̄⌧
<latexit sha1_base64="wcD4woHe6njn4V+3OsOusyYt264=">AAAB/nicbVDLSsNAFL2pr1pfUXHlJlgEQShJFeyy4MZlBVsLTQiT6aQdOpmEeQglFPwVNy4Ucet3uPNvnLYRtPXAhTPn3Mvce6KMUalc98sqrayurW+UNytb2zu7e/b+QUemWmDSxilLRTdCkjDKSVtRxUg3EwQlESP30eh66t8/ECFpyu/UOCNBggacxhQjZaTQPvK5Dn2F9LkfIfHzCO2qW3NncJaJV5AqFGiF9qffT7FOCFeYISl7npupIEdCUczIpOJrSTKER2hAeoZylBAZ5LP1J86pUfpOnApTXDkz9fdEjhIpx0lkOhOkhnLRm4r/eT2t4kaQU55pRTiefxRr5qjUmWbh9KkgWLGxIQgLanZ18BAJhJVJrGJC8BZPXiades27qNVvL6vNRhFHGY7hBM7Agytowg20oA0YcniCF3i1Hq1n6816n7eWrGLmEP7A+vgGZA2Vuw==</latexit>

and event numbers of interacting 𝜈" at 10-ton detector at FPF (3000 fb-1)
~105 ~106 ~103

Hallsie Reno, University of Iowa

charm
charm

charm



Neutrino flux example
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light mesons and baryons, uncertainties 
from different Monte Carlo evaluations

charm contributions (shown here are 2 
calculations, both NLO)

Hallsie Reno, University of Iowa

Charm uncertainties from:
• small-x PDF extrapolations
• mc close to 1 GeV (QCD) 
• non-perturbative effects
• new kinematic region
• very forward – factorization & 

fragmentation



Histograms almost the same for most of LHCb range, much different at FLArE. 
Jeong, Bai, Reno (similar to Bai, Diwan, Garzelli et al, JHEP 06 (2022) 148, JHEAp 34 (2022) 212) 
NLO+kT smearing; L. Buonocore and L. Rottoli, in preparation (2023) NLO+PS (NLL_x PDFs) 

Differences: primarily in PDFs, one has NLL_x PDFs sum ln(1/x2).

Strategy: LHCb extrapolated to FPF 

Brookhaven Forum 2023  12

𝑦! = 2 − 4.5 𝜂 > 7.8

Hallsie Reno, University of Iowa



What kinematic regions for charm at FPF ?

low pT of Hc most important

moderate & high y of Hc

13
Neutrino energyFig: W. Bai, M. V. Diwan, M. V. Garzelli, K. Kumar, 

Y. S. Jeong & MHR. (2212.07865).

Figs. courtesy of 
B. Chauhan



Neutrino fluxes – correlations 
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Kling, Makela, Trojanowski, 2309.10417

Correlations between spectra of different neutrino flavors, projected statistical 
uncertainties  allows differentiation between flux results.

Can also look at 
radial dependence 
in detector –
details in  Kling, 
Makela, 
Trojanowski, 
2309.10

Figures show interacting neutrinos 



Astroparticle physics implications
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Muon puzzle in cosmic ray air showers: discrepancy between observed and predicted 
muon rates in high energy cosmic ray induced air showers. Is the 𝜋/𝐾 ratio wrong in 
Monte Carlos?

Test with LHC neutrino flux:
Enhanced strangeness model of 
Anchordoqui et al. JHEAp 34 
(2022) 19, applied by Kling et al., 
distinguishable in FPF 
experiments.

Kling, Makela, Trojanowski, 2309.10417

strangeness enhancement

MC/model uncertainties



Astroparticle physics implications
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Prompt atmospheric neutrino flux from cosmic ray interactions with air, background to 
diffuse astrophysical flux.

Bai, Diwan, Garzelli et al, 2212.07865

𝜋, 𝐾

charm

charm rapidity y

dominates charm 
→ neutrino flux at 
FPF up to neutrino 
E~700 GeV



Collider neutrinos: 𝑝𝑝 and 𝜈𝐴 collisions
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hadron production that 
ultimately yields 
neutrinos of all 
3 flavors

neutrino interactions
(all 3 flavors, from  
different hadron    
sources) on
nuclear targets

Hallsie Reno, University of Iowa

Neutrinos as proxies for hadrons

Neutrino flavor,
neutrino interactions 
(SM and BSM)



Neutrino interactions – SM physics with neutrinos
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Statistical uncertainty only in figures 
Feng et al. 2203.05090 

Hallsie Reno, University of Iowa

CC DIS cross sections



Neutrino NC DIS cross sections

Hallsie Reno, University of Iowa 19

150 fb-1 3 ab-1

Estimated sensitivities, averaged neutrino plus antineutrino.
Figs. from Feng et al. 2203.05090. See also Ismail, Mammen Abraham & Kling, PRD 103 (2021) 056014.



PDF determinations from DIS
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In perturbative regime:
• Nuclear targets (tungsten & argon)
• Complementary to EIC
• Extends fixed target program (FT)

Better PDFs, better precision 
measurements at LHC

Cruz-Martinez et al, 2309.09581



Improved p/N PDF determinations from DIS
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PDF4LHC21 baseline proton PDF uncertainties and projected improvements 
for one experiment. Improvements in valence and strange quark PDFs. 

Cruz-Martinez et al, 2309.09581



Improved p/W PDF determinations from DIS
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EPPS21 baseline proton PDF in tungsten, two FPF experiments combined, for 
uncertainties and projected improvements. Improvements in valence and 
strange quark PDFs. 

Cruz-Martinez et al, 2309.09581



Quasi-elastic, resonant, shallow interactions

Hallsie Reno, University of Iowa 23

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 for 𝜈̅) 𝑒 scattering.   Brdar et al. PRD 105 (2022) 093004



DIS CC with low Q structure functions
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• Recent work on low Q: 
CKMT+PCAC-NT extrapolation of EM fit plus PCAC corrections Jeong & Reno 2307.09241

• NNSFv using NNPDF fitting methodology for low Q SF  Candido et al  JHEP 05 (2023) 149



DIS CC, low Q and nuclear dependence
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Jeong & Reno 2307.09241

note: many nuclear targets better agreement with Fe



BSM physics with neutrinos

Hallsie Reno, University of Iowa 26

Fig. from Feng et al. 2203.05090 



Example: new interactions
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• Search for neutrino CC interactions and
missing transverse momentum in FPF 
detectors. 

• Motivated by dark matter considerations.
Kelly et al, 2111.05868.

FLArE-like detector

energy smearing detector

new mediator



Example:
BSM EFT constraints

28

§ Constraints from production, e.g., lots of 
pions produced, decays to off-diagonal 
neutrino flavors like 𝜈*.

§ Constraints from detection, e.g., where 
electron neutrino produces a tau.

§ Projected with conservative (optimistic) 
systematics for FASERv, and for 20x statistics.

LWEFT ⇠ Vjk

v2
[✏jkP ]↵�(ū

j�5d
k)(¯̀↵PL⌫�)

<latexit sha1_base64="19cLt4+WEI5N4asz7opgxHoPvms="></latexit>

Example: pseudoscalar, dimensionless 𝜖+

Fig. from 2203.05090, see also expanded 
discussion from other contributors.

This example from Falkowski et al, JHEP 10 (2021) 086.

Vjk = Cabibbo ME
<latexit sha1_base64="mdv61HJv1JziMkrxwvUQ5ypvamg=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJWkCroRCkVwI1SwD2hCmJlO27GTSZiZCCXEjb/ixoUibv0Ld/6N0zYLbT1w4XDOvdx7D445U9pxvq3C0vLK6lpxvbSxubW9Y+/utVSUSEKbJOKR7GCkKGeCNjXTnHZiSVGIOW3jUX3itx+oVCwSd3ocUz9EA8H6jCBtpMA+aAXp/Si7TD0ZwjrCDOPIgzdXWWCXnYozBVwkbk7KIEcjsL+8XkSSkApNOFKq6zqx9lMkNSOcZiUvUTRGZIQGtGuoQCFVfjr9IIPHRunBfiRNCQ2n6u+JFIVKjUNsOkOkh2rem4j/ed1E9y/8lIk40VSQ2aJ+wqGO4CQO2GOSEs3HhiAimbkVkiGSiGgTWsmE4M6/vEha1Yp7WqnenpVr1TyOIjgER+AEuOAc1MA1aIAmIOARPINX8GY9WS/Wu/Uxay1Y+cw++APr8wenvZZR</latexit>

v ' 246 GeV
<latexit sha1_base64="ApJqnIkcJWQqtlesi3jZ+7qiH2k=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tF8FSSWtRjwYMeK9gPaELZbKft0t0k7m4KJfbgX/HiQRGv/g1v/hu3bQ7a+mDg8d4MM/OCmDOlHefbyq2srq1v5DcLW9s7u3v2/kFDRYmkUKcRj2QrIAo4C6GumebQiiUQEXBoBsPrqd8cgVQsCu/1OAZfkH7IeowSbaSOfTTyFBPwgMuVCw+nnhT4BhqTjl10Ss4MeJm4GSmiDLWO/eV1I5oICDXlRKm268TaT4nUjHKYFLxEQUzokPShbWhIBCg/nd0/wadG6eJeJE2FGs/U3xMpEUqNRWA6BdEDtehNxf+8dqJ7V37KwjjRENL5ol7CsY7wNAzcZRKo5mNDCJXM3IrpgEhCtYmsYEJwF19eJo1yyT0vle8qxWo5iyOPjtEJOkMuukRVdItqqI4oekTP6BW9WU/Wi/Vufcxbc1Y2c4j+wPr8AVntlPk=</latexit>

✏
<latexit sha1_base64="1jK4zG92Qn3gQudTfuqjS0med1Q=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqYI8FLx4r2A9oQ9lsJ+3SzSbuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJYPZpqgH9GR5CFn1Fip28dEcxHLQbniVt0FyDrxclKBHM1B+as/jFkaoTRMUK17npsYP6PKcCZwVuqnGhPKJnSEPUsljVD72eLeGbmwypCEsbIlDVmovycyGmk9jQLbGVEz1qveXPzP66UmrPsZl0lqULLlojAVxMRk/jwZcoXMiKkllClubyVsTBVlxkZUsiF4qy+vk3at6l1Va/fXlUY9j6MIZ3AOl+DBDTTgDprQAgYCnuEV3pxH58V5dz6WrQUnnzmFP3A+fwBLHZAa</latexit>

⇤ = v/
p
✏

<latexit sha1_base64="RgwPZy5T2B4h9WOfDV6rz35p8x8=">AAACBHicbVDLSgMxFM34rPU16rKbYBFc1Zkq2I1QcOPCRQX7gM5QMplMG5pJxiRTKEMXbvwVNy4UcetHuPNvTNtZaOuBwOGcc7m5J0gYVdpxvq2V1bX1jc3CVnF7Z3dv3z44bCmRSkyaWDAhOwFShFFOmppqRjqJJCgOGGkHw+up3x4Rqajg93qcED9GfU4jipE2Us8uebcmHCJ4BUdnnnqQOvNIoigTfNKzy07FmQEuEzcnZZCj0bO/vFDgNCZcY4aU6rpOov0MSU0xI5OilyqSIDxEfdI1lKOYKD+bHTGBJ0YJYSSkeVzDmfp7IkOxUuM4MMkY6YFa9Kbif1431VHNzyhPUk04ni+KUga1gNNGYEglwZqNDUFYUvNXiAdIIqxNb0VTgrt48jJpVSvueaV6d1Gu1/I6CqAEjsEpcMElqIMb0ABNgMEjeAav4M16sl6sd+tjHl2x8pkj8AfW5w9bYJfm</latexit>



Oscillation to sterile neutrinos, 3+1

Hallsie Reno, University of Iowa 29

arXiv:2109.10905

Baseline of ~620 m and energy range of 100 
GeV - 1 TeV, probes mass-difference squared 
higher than DUNE, etc.:

�m2
41 ⇠ 1000 eV2

<latexit sha1_base64="wpWgr3YTzsz12JrwCKB54ltMLNM=">AAACD3icbVBNS8NAEN34WetX1aOXxaJ4Kkkt2GNBDx4r2A9oYthsJ+3S3STsboQS+g+8+Fe8eFDEq1dv/hu3bQ7a+mDg8d4MM/OChDOlbfvbWlldW9/YLGwVt3d29/ZLB4dtFaeSQovGPJbdgCjgLIKWZppDN5FARMChE4yupn7nAaRicXSnxwl4ggwiFjJKtJH80pl7DVwTLPys5kzuq65iAju2bWMXZ64UGNpGLfqlsl2xZ8DLxMlJGeVo+qUvtx/TVECkKSdK9Rw70V5GpGaUw6TopgoSQkdkAD1DIyJAednsnwk+NUofh7E0FWk8U39PZEQoNRaB6RRED9WiNxX/83qpDutexqIk1RDR+aIw5VjHeBoO7jMJVPOxIYRKZm7FdEgkodpEOA3BWXx5mbSrFeeiUr2tlRv1PI4COkYn6Bw56BI10A1qohai6BE9o1f0Zj1ZL9a79TFvXbHymSP0B9bnD/iymgo=</latexit>

Sensitivity from muon neutrino disappearance 
for FASERv in Run 3 (light colors) and FLArE-10 at 
HL-LHC run (dark colors).
(Note scale on y-axis.) 



Final remarks
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• Neutrino fluxes: 
• High energy neutrinos and all tau neutrinos come from heavy flavor decays. 

FPF probes large-x and small-x regimes of PDFs. Heavy flavor production and 
decays to neutrinos tied to astroparticle physics.

• Predictions of neutrinos from light meson decays related to simulations of 
cosmic ray air showers. FPF measurements -> air shower Monte Carlo 
improvements.

• Neutrino interactions:
• Standard model interactions probe PDFs, structure functions for nuclear 

targets.
• Complementary to EIC, and ties into DUNE cross sections.

• BSM physics can distort SM flux and neutrino interactions. We expect rich data 
sets.

Hallsie Reno, University of Iowa


