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Purpose-built Forward Physics Facility

2J. Feng et al, Snowmass White Paper, arXiv:2203.05090

Detectors designed for 
Standard Model and BSM 
Physics.

Neutrino detection at 
FASERv2, AdvSND and 
FLArE.

FASERv and SND@LHC 
installation in caverns in 
Run 3.

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



QCD in 𝑝𝑝 and 𝜈𝐴 collisions

3arXiv:2203.05090

hadron production 
that ultimately 
yields neutrinos 
of all 3 flavors

neutrino interactions
(all 3 flavors, from  

different hadron    
sources) on
nuclear targets

• Focus on neutrino 
production from charm.
• Tau neutrinos.
• Electron neutrinos at 

high energies.
• Regions of parton x.
• PDF uncertainties in the 

differential cross section 
for neutrino production.



Phased program of experiments
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480 m from ATLAS IP
29 kg prototype detector, 480 m from interaction 
point, for  12.2 fb -1 in pp collisions at 13 TeV.

FASERv pilot with suitcase-size detector.
Neutrino candidates, not tau neutrinos, but 
proof of principle. 
FASER, Phys. Rev. D 104 (2021) L091101

High Luminosity 

𝜂 range
(HL run):

Run 3 pp at 14 TeV with 150 fb -1

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



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

charm quark and 𝜈" DS and 𝜈"

Neutrino rapidity correlates better with charm rapidity 
(dotted) than with charm pseudorapidity (solid) in the 
forward region.
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spread of neutrino rapidity for 
restricted charm or meson 
rapidity/pseudorapidity

arXiv:2112.11605 



𝜈! + 𝜈̅!
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NLO pQCD evaluation of 
inclusive charm 
production
(Nason, Dawson, Ellis, Nucl. Phys. 
B327(1988)49)

D�
s ! ⌫̄⌧ ⌧ ! ⌫̄⌧⌫⌧X
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§ DS decay into ⌫̄⌧ ⌧
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§ Pion-like decay: prompt

Tau decay also prompt.

B(Ds ! ⌫̄⌧ ⌧) = 5.48± 0.23%
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§ PROSA PDFs with scale 
& PDF uncertainties.
Zenaiev et al, JHEP 04 (2020) 
118

§ Other PDFs: CT14, 
NNPDF3.1, ABMP16 

Forward production, 𝜂# > 6.9

§ Charm is dominant source 
of 𝜈" + 𝜈̅" - a factor of 
more than 10 larger than 
from b-quarks.



Charm pair production: small x and large x PDFs
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charm rapidity ranges charm energy ranges

charm energy feeds to 
lower neutrino energies

PDFs best constrained

PDFs best constrained



Large x PDFs
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Courtesy of the PROSA Collaboration

PROSA PDFs vs 𝑦 ̅𝑡𝑡 in 𝑀( ̅𝑡𝑡) bins

p
s = 8 TeV
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Data CMS

�2 = 23/15
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PROSA
(Compared with HERAPDF2.0 with 
𝜒$ = 24/15 for same comparison.)

CMS, Eur. Phys. J. C77 (2017) 459

Solid lines: standard theory.
Dashed lines: theory corrected for optimal shifts 
of correlated uncertainties of experimental data. 



Large x PDFs
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Courtesy of the PROSA Collaboration

inclusive jet cross section

Frac uncert. xg
CMS Collab, JHEP 02 (2022) 142



Charm pair production
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Short white paper 2109.10905

§ Intrinsic kT/ kT smearing 
(mimicking higher order effects?)

§ Renormalization, factorization 
scale effects.

§ PROSA 2019 fit to heavy flavor production 
including LHCb. Zenaiev et al, JHEP 04 (2020) 118.

Fits include LHCb and HERA charm 
production cross sections.
3 flavor PDFs.

§ We use LHCb DS data to (in part) anchor 
our FPF calculation.

§ Peterson fragmentation to charm mesons.



D’s at LHCb
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PROSA PDF fits done with                                               also used here. Scale uncertainty band.mT,2 ⌘
q

(2mc)2 + p2T
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Gaussian smearing with:
hkT i = 0.7 GeV
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similar to POWHEG 
+ PYTHIA results 



D’s at LHCb 13 TeV
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Blue solid lines:

Red dashed lines:

hkT i = 1.2 GeV
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Default (1,1)

(1,2) factor
for (R,F) scale

12
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x < 0.3
<latexit sha1_base64="OEqcucKWFk1e61gt5rugqUZhjVE=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0hawR48FLx4rGDaQhvKZrtpl242YXcjltDf4MWDIl79Qd78N27THLT1wcDjvRlm5gUJZ0o7zrdV2tjc2t4p71b29g8Oj6rHJx0Vp5JQj8Q8lr0AK8qZoJ5mmtNeIimOAk67wfR24XcfqVQsFg96llA/wmPBQkawNpL3dOPYjWG15thODrRO3ILUoEB7WP0ajGKSRlRowrFSfddJtJ9hqRnhdF4ZpIommEzxmPYNFTiiys/yY+fowigjFMbSlNAoV39PZDhSahYFpjPCeqJWvYX4n9dPddj0MyaSVFNBlovClCMdo8XnaMQkJZrPDMFEMnMrIhMsMdEmn4oJwV19eZ106rbbsOv3V7VWs4ijDGdwDpfgwjW04A7a4AEBBs/wCm+WsF6sd+tj2VqyiplT+APr8weyFY3r</latexit> x > 0.3

<latexit sha1_base64="tChzUqRlkxG/KnFHEkIB5u5jpLo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0hawZ6k4MVjBdMW2lA22027dLMJuxuxhP4GLx4U8eoP8ua/cZvmoK0PBh7vzTAzL0g4U9pxvq3SxubW9k55t7K3f3B4VD0+6ag4lYR6JOax7AVYUc4E9TTTnPYSSXEUcNoNprcLv/tIpWKxeNCzhPoRHgsWMoK1kbynG8duDKs1x3ZyoHXiFqQGBdrD6tdgFJM0okITjpXqu06i/QxLzQin88ogVTTBZIrHtG+owBFVfpYfO0cXRhmhMJamhEa5+nsiw5FSsygwnRHWE7XqLcT/vH6qw6afMZGkmgqyXBSmHOkYLT5HIyYp0XxmCCaSmVsRmWCJiTb5VEwI7urL66RTt92GXb+/qrWaRRxlOINzuAQXrqEFd9AGDwgweIZXeLOE9WK9Wx/L1pJVzJzCH1ifP7Ujje0=</latexit>

xg(x,Q)
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charm quark energy distribution (notice different scales)

x < 0.3
<latexit sha1_base64="OEqcucKWFk1e61gt5rugqUZhjVE=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0hawR48FLx4rGDaQhvKZrtpl242YXcjltDf4MWDIl79Qd78N27THLT1wcDjvRlm5gUJZ0o7zrdV2tjc2t4p71b29g8Oj6rHJx0Vp5JQj8Q8lr0AK8qZoJ5mmtNeIimOAk67wfR24XcfqVQsFg96llA/wmPBQkawNpL3dOPYjWG15thODrRO3ILUoEB7WP0ajGKSRlRowrFSfddJtJ9hqRnhdF4ZpIommEzxmPYNFTiiys/yY+fowigjFMbSlNAoV39PZDhSahYFpjPCeqJWvYX4n9dPddj0MyaSVFNBlovClCMdo8XnaMQkJZrPDMFEMnMrIhMsMdEmn4oJwV19eZ106rbbsOv3V7VWs4ijDGdwDpfgwjW04A7a4AEBBs/wCm+WsF6sd+tj2VqyiplT+APr8weyFY3r</latexit>

all x
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40 PROSA PDFs

7-point
scale

variation

CT14 is
outlier

�⌫ ⇠ E⌫
<latexit sha1_base64="Pkvhw7yTacTmDjn6ORN7CP5FEEs=">AAAB/XicbZDLSgMxFIbPeK31Nl52boJFcFVmqmCXBRFcVrAX6Awlk6ZtaJIZkoxQS/FV3LhQxK3v4c63MdPOQlt/CHz85xzOyR8lnGnjed/Oyura+sZmYau4vbO7t+8eHDZ1nCpCGyTmsWpHWFPOJG0YZjhtJ4piEXHaikbXWb31QJVmsbw344SGAg8k6zOCjbW67nGg2UDgbiBTSwLdZNR1S17Zmwktg59DCXLVu+5X0ItJKqg0hGOtO76XmHCClWGE02kxSDVNMBnhAe1YlFhQHU5m10/RmXV6qB8r+6RBM/f3xAQLrccisp0Cm6FerGXmf7VOavrVcMJkkhoqyXxRP+XIxCiLAvWYosTwsQVMFLO3IjLEChNjAyvaEPzFLy9Ds1L2L8qVu8tSrZrHUYATOIVz8OEKanALdWgAgUd4hld4c56cF+fd+Zi3rjj5zBH8kfP5A1wPlSA=</latexit>

⌘ > 8.9
<latexit sha1_base64="Jk/h6ZIyKdML+/LxO2BXFv+pGgQ=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgKSRVsF6k4MVjBfsBbSib7aZdutnE3YlQQv+EFw+KePXvePPfuG1z0NYHA4/3ZpiZFySCa3Tdb6uwtr6xuVXcLu3s7u0flA+PWjpOFWVNGotYdQKimeCSNZGjYJ1EMRIFgrWD8e3Mbz8xpXksH3CSMD8iQ8lDTgkaqdNjSG5qznW/XHEddw57lXg5qUCORr/81RvENI2YRCqI1l3PTdDPiEJOBZuWeqlmCaFjMmRdQyWJmPaz+b1T+8woAzuMlSmJ9lz9PZGRSOtJFJjOiOBIL3sz8T+vm2JY8zMukxSZpItFYSpsjO3Z8/aAK0ZRTAwhVHFzq01HRBGKJqKSCcFbfnmVtKqOd+FU7y8r9VoeRxFO4BTOwYMrqMMdNKAJFAQ8wyu8WY/Wi/VufSxaC1Y+cwx/YH3+APGVjzc=</latexit>

tau neutrino energy distributions



kT smearing and scale dependence
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§ only kT smearing changed
§ increase in high pT tails 

detectable for smaller 𝜂

§ only scale choice changed
§ largely 𝜂# independent

§ kT smearing and scale 
choice changed

tau neutrino energy distribution ratios
hkT i = 1.2 GeV

hkT i = 0.7 GeV
<latexit sha1_base64="Jfu9lax+5qWC3bfcqNvlyrjf8hA=">AAACNHicbVDLSgMxFM3UV62vqks3wSK4Gmaq0G6EggsFNxX6gk4pmfROG5rJDElGKEM/yo0f4kYEF4q49RtMH4va9kDgcM653Nzjx5wp7TjvVmZjc2t7J7ub29s/ODzKH580VJRICnUa8Ui2fKKAMwF1zTSHViyBhD6Hpj+8nfjNJ5CKRaKmRzF0QtIXLGCUaCN18w9eIAlNPU5EnwMedmuenNIb1y56OPVkiO+gMR6vizh2aTHSzRcc25kCrxJ3Tgpojmo3/+r1IpqEIDTlRKm268S6kxKpGeUwznmJgpjQIelD21BBQlCddHr0GF8YpYeDSJonNJ6qixMpCZUahb5JhkQP1LI3Edd57UQH5U7KRJxoEHS2KEg41hGeNIh7TALVfGQIoZKZv2I6IKZFbXrOmRLc5ZNXSaNou1d28fG6UCnP68iiM3SOLpGLSqiC7lEV1RFFz+gNfaIv68X6sL6tn1k0Y81nTtE/WL9/NeyqgQ==</latexit>

(1, 2)mT

(1, 1)mT,2
<latexit sha1_base64="2NgUeo7jBPQjiSBWFpUOXh8fULQ=">AAACBnicbZDLSsNAFIYnXmu9RV2KECxChVKSKNhlwY3LCr1BG8JkOmmHzkzCzEQoISs3voobF4q49Rnc+TZO2iy09YeBj/+cw5nzBzElUtn2t7G2vrG5tV3aKe/u7R8cmkfHXRklAuEOimgk+gGUmBKOO4ooivuxwJAFFPeC6W1e7z1gIUnE22oWY4/BMSchQVBpyzfPhqGAKK06NfeS+e0sJ0dT2q65WeabFbtuz2WtglNABRRq+ebXcBShhGGuEIVSDhw7Vl4KhSKI4qw8TCSOIZrCMR5o5JBh6aXzMzLrQjsjK4yEflxZc/f3RAqZlDMW6E4G1UQu13Lzv9ogUWHDSwmPE4U5WiwKE2qpyMozsUZEYKToTANEgui/WmgCdS5KJ1fWITjLJ69C1607V3X3/rrSbBRxlMApOAdV4IAb0AR3oAU6AIFH8AxewZvxZLwY78bHonXNKGZOwB8Znz83ZZcE</latexit>
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40 PROSA PDFs

7-point
scale

variation8.6 > ⌘ > 7.2
<latexit sha1_base64="w3G/9wLv69OfLhtQvHq8mNXcZZ4=">AAAB83icbVBNS8NAEJ34WetX1aOXYBE8haSK7akUvHisYD+gCWWz3bZLN5uwOxFK6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzwkRwja77bW1sbm3v7Bb2ivsHh0fHpZPTto5TRVmLxiJW3ZBoJrhkLeQoWDdRjEShYJ1wcjf3O09MaR7LR5wmLIjISPIhpwSN5Nec27rPkNSrTqVfKruOu4C9TryclCFHs1/68gcxTSMmkQqidc9zEwwyopBTwWZFP9UsIXRCRqxnqCQR00G2uHlmXxplYA9jZUqivVB/T2Qk0noahaYzIjjWq95c/M/rpTisBRmXSYpM0uWiYSpsjO15APaAK0ZRTA0hVHFzq03HRBGKJqaiCcFbfXmdtCuOd+1UHm7KjVoeRwHO4QKuwIMqNOAemtACCgk8wyu8Wan1Yr1bH8vWDSufOYM/sD5/AMvXkDE=</latexit>

tau neutrino energy distributions



FPF 𝜂 > 6.9
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40 PROSA PDFs

7-point
scale

variation
tau neutrino energy distributions



𝜈! + 𝜈̅! Events Run 3

DIS 2022, 4 May 2022 MH Reno, University of Iowa 19
arXiv:2112.11605 



𝜈! + 𝜈̅! Events HL

DIS 2022, 4 May 2022 MH Reno, University of Iowa 20

1 m tungsten, namely 60.63 ton

arXiv:2112.11605 



Tables of single and double differential 
distributions
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https://arxiv.org/src/2112.11605v1/anc

https://arxiv.org/src/2203.07212v2/anc

For tau neutrino+antineutrino, PROSA and CT14,
default scales and kT.

Scaling behavior in rapidity at high energy.
(See also Kling & Nevay, PRD 104 (2021) 113008) 

arXiv:2203.07212 



Neutrino cross sections in new energy range 
at the FPF

22arXiv:2203.05090

Statistical uncertainty only in figures.  
• Neutrinos and antineutrinos. • Many more tau neutrinos!
Important to understand systematic uncertainties from QCD in predictions of the 
flux of neutrinos from the ATLAS interaction point.
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§ PROSA PDFs are the default PDFs of this work. The PDF uncertainty does not cover 
the excursions of other PDFs. 

§ Scale dependences are the largest, total number of events between 0.2-2 times 
the central prediction.  Scale uncertainty band approximately rapidity 
independent. 

§ Neutrino energies larger than 1 TeV particularly important for understanding the 
discrepancies between predictions, as they are sensitive to gluon PDFs for x>0.3.

§ Sensitivity in HE neutrino region to kT.
§ More work can be done to better understand role of fragmentation, intrinsic 

transverse momentum, and possibility of intrinsic charm.
§ Correlations with high energy 𝜈% + 𝜈̅% (also from kaons).
§ Lower energies, DsTau (NA65) 400 GeV proton beam.



Backup slides
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Hadron production and decay to neutrinos

arXiv:2203.05090 25

𝜈% + 𝜈̅%
Dominated by 

kaons (low and mid energy)
charm (highest energy)

An example of MC results for neutrinos: 
solid histograms show Pythia Monash tune,
dashed histograms show new Pythia tune incl. 
CASTOR, TOTEM, ATLAS data. 

𝜈" + 𝜈̅"
Dominated by

𝐷&
± → 𝜏𝜈", 𝜏 → 𝜈"𝑋

Focus on charm production.
QCD scale 𝑚(,  NLO scale dependence.

⌫⌧ + ⌫̄⌧
<latexit sha1_base64="ZdrBJzqGeyHHkCubbjkD0p3lj3A=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1gEQShJFXRZcOOygn1AE8JkOmmHTiZhZiKU2IW/4saFIm79DXf+jdM2grYeuHDmnHuZe0+Ycqa043xZS8srq2vrpY3y5tb2zq69t99SSSYJbZKEJ7ITYkU5E7Spmea0k0qK45DTdji8nvjteyoVS8SdHqXUj3FfsIgRrI0U2IeeyAJP4wydeSGWP6/ArjhVZwq0SNyCVKBAI7A/vV5CspgKTThWqus6qfZzLDUjnI7LXqZoiskQ92nXUIFjqvx8uv8YnRilh6JEmhIaTdXfEzmOlRrFoemMsR6oeW8i/ud1Mx1d+TkTaaapILOPoowjnaBJGKjHJCWajwzBRDKzKyIDLDHRJrKyCcGdP3mRtGpV97xau72o1GtFHCU4gmM4BRcuoQ430IAmEHiAJ3iBV+vRerberPdZ65JVzBzAH1gf37zOld8=</latexit>

⌫e + ⌫̄e
<latexit sha1_base64="HmkGcgOvIc2ebJTsYuBjz6bIV74=">AAAB+XicbZDLSsNAFIZP6q3WW9Slm8EiCEJJqqDLghuXFewFmhAm00k7dDIJM5NCCX0TNy4UceubuPNtnKZZaOsPAx//OYdz5g9TzpR2nG+rsrG5tb1T3a3t7R8cHtnHJ12VZJLQDkl4IvshVpQzQTuaaU77qaQ4DjnthZP7Rb03pVKxRDzpWUr9GI8EixjB2liBbXsiCyi68kIsCwzsutNwCqF1cEuoQ6l2YH95w4RkMRWacKzUwHVS7edYakY4nde8TNEUkwke0YFBgWOq/Ly4fI4ujDNEUSLNExoV7u+JHMdKzeLQdMZYj9VqbWH+VxtkOrrzcybSTFNBlouijCOdoEUMaMgkJZrPDGAimbkVkTGWmGgTVs2E4K5+eR26zYZ73Wg+3tRbzTKOKpzBOVyCC7fQggdoQwcITOEZXuHNyq0X6936WLZWrHLmFP7I+vwB5P6TIQ==</latexit>



High energy rapidity scaling behavior
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becomes largely independent of 𝜂# for large enough 𝜂#
arXiv:2112.11605 
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Events per GeV per ton �⌫ ⇠ E⌫
<latexit sha1_base64="Pkvhw7yTacTmDjn6ORN7CP5FEEs=">AAAB/XicbZDLSgMxFIbPeK31Nl52boJFcFVmqmCXBRFcVrAX6Awlk6ZtaJIZkoxQS/FV3LhQxK3v4c63MdPOQlt/CHz85xzOyR8lnGnjed/Oyura+sZmYau4vbO7t+8eHDZ1nCpCGyTmsWpHWFPOJG0YZjhtJ4piEXHaikbXWb31QJVmsbw344SGAg8k6zOCjbW67nGg2UDgbiBTSwLdZNR1S17Zmwktg59DCXLVu+5X0ItJKqg0hGOtO76XmHCClWGE02kxSDVNMBnhAe1YlFhQHU5m10/RmXV6qB8r+6RBM/f3xAQLrccisp0Cm6FerGXmf7VOavrVcMJkkhoqyXxRP+XIxCiLAvWYosTwsQVMFLO3IjLEChNjAyvaEPzFLy9Ds1L2L8qVu8tSrZrHUYATOIVz8OEKanALdWgAgUd4hld4c56cF+fd+Zi3rjj5zBH8kfP5A1wPlSA=</latexit>

arXiv:2112.11605 
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Events per GeV per ton �⌫ ⇠ E⌫
<latexit sha1_base64="Pkvhw7yTacTmDjn6ORN7CP5FEEs=">AAAB/XicbZDLSgMxFIbPeK31Nl52boJFcFVmqmCXBRFcVrAX6Awlk6ZtaJIZkoxQS/FV3LhQxK3v4c63MdPOQlt/CHz85xzOyR8lnGnjed/Oyura+sZmYau4vbO7t+8eHDZ1nCpCGyTmsWpHWFPOJG0YZjhtJ4piEXHaikbXWb31QJVmsbw344SGAg8k6zOCjbW67nGg2UDgbiBTSwLdZNR1S17Zmwktg59DCXLVu+5X0ItJKqg0hGOtO76XmHCClWGE02kxSDVNMBnhAe1YlFhQHU5m10/RmXV6qB8r+6RBM/f3xAQLrccisp0Cm6FerGXmf7VOavrVcMJkkhoqyXxRP+XIxCiLAvWYosTwsQVMFLO3IjLEChNjAyvaEPzFLy9Ds1L2L8qVu8tSrZrHUYATOIVz8OEKanALdWgAgUd4hld4c56cF+fd+Zi3rjj5zBH8kfP5A1wPlSA=</latexit>

arXiv:2112.11605 
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Events per GeV per ton �⌫ ⇠ E⌫
<latexit sha1_base64="Pkvhw7yTacTmDjn6ORN7CP5FEEs=">AAAB/XicbZDLSgMxFIbPeK31Nl52boJFcFVmqmCXBRFcVrAX6Awlk6ZtaJIZkoxQS/FV3LhQxK3v4c63MdPOQlt/CHz85xzOyR8lnGnjed/Oyura+sZmYau4vbO7t+8eHDZ1nCpCGyTmsWpHWFPOJG0YZjhtJ4piEXHaikbXWb31QJVmsbw344SGAg8k6zOCjbW67nGg2UDgbiBTSwLdZNR1S17Zmwktg59DCXLVu+5X0ItJKqg0hGOtO76XmHCClWGE02kxSDVNMBnhAe1YlFhQHU5m10/RmXV6qB8r+6RBM/f3xAQLrccisp0Cm6FerGXmf7VOavrVcMJkkhoqyXxRP+XIxCiLAvWYosTwsQVMFLO3IjLEChNjAyvaEPzFLy9Ds1L2L8qVu8tSrZrHUYATOIVz8OEKanALdWgAgUd4hld4c56cF+fd+Zi3rjj5zBH8kfP5A1wPlSA=</latexit>

arXiv:2112.11605 



QCD in 𝜈𝐴 collisions

30

1 TeV 𝜈

• Extends (x,Q) coverage for nuclear targets.
• Nuclear correction factors for ℓ𝐴 versus 𝜈𝐴,

complementary to EIC charged lepton.
• Strange PDF with inclusive DIS and dimuon 

production, tied to weak boson mass 
measurements.

• In addition to CC scattering, also NC 
scattering.

• Low Q, low hadronic invariant mass W 
contributions.

arXiv:2203.05090

NC scattering

• 103 CCQE events in 10-tonne detector.
• Hadronization and final state interactions in DIS.
• Monte Carlo modeling of neutrino interactions.


