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• Prospects for QCD studies are very promising, and a wide range of 
contributions promised/provided for the white paper!

Forward Physics Facility Whitepaper

Only QCD chapter should be filled in this document!
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QCD@FPF

• Wide range of QCD studies relating to:

★ Forward particle 
production mechanisms in 
the central detector.

and/or
★ Neutrino induced DIS 
scattering at FPF.
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FIG. 21. Left: Production of a forward neutrino at the ATLAS IP, and its detection via CC DIS on a
tungsten target in the FPF. Right: The Feynman graph shown in dark blue represents a typical radiative
contribution included in the collinear factorization framework at central rapidities. In far-forward pp ! cc̄

production, additional enhanced corrections from higher orders of ↵s are expected, such as those obtained
by including the partonic interactions and emissions indicated in grey color, as discussed in the main text.

VI. QCD

Quantum Chromodynamics (QCD) is unanimously accepted as the theory of the strong interac-
tions. Yet, there are kinematic regimes in which QCD has not been stringently tested. The FPF
o↵ers a number of unique opportunities for testing and studying QCD in some of these regimes, as
can be inferred from the fact that predictions for fluxes and cross sections at the FPF introduce
unique challenges for QCD theory. We expect that the neutrinos reaching the FPF will be mostly
emitted in the decays of various hadrons produced in collisions at the LHC ATLAS IP. In particular,
as explained in Sec. V, muon neutrinos will be produced mostly in the decays of light mesons and,
to a lesser extent, the light baryons. Tau neutrinos will be produced by decays of heavy-flavored
hadrons, especially D

±
s mesons. Electron neutrinos will be produced in decays of both light and

heavy-flavored hadrons, with the latter dominating at the largest neutrino energies.

Therefore, the FPF, with its capability of distinguishing neutrinos and antineutrinos of di↵erent
flavors, will provide versatile experimental data on both light- and heavy-flavor production. Inter-
pretation of these data will require diverse theoretical approaches. When describing heavy-meson
production, charm and bottom quark masses above 1 GeV allow one to apply perturbative QCD
(pQCD) methods down to pT = 0. However, the smallness of the c and b masses compared to the
other physical scales, notably the LHC center-of-mass energy

p
s, introduces typical pQCD chal-

lenges associated with so-called multi-scale processes. Additionally, non-perturbative QCD e↵ects
are expected to be enhanced in forward heavy-flavor production. On the other hand, low-pT light-
flavor production is dominated by non-perturbative QCD e↵ects and multiple parton interactions,
compensating for the long-distance pQCD divergences in hard-scattering contributions. Produc-
tion of all these hadrons can be described either by dedicated calculations, with di↵erent levels of
accuracy and approximations employed, or by general-purpose event generators.

As we discuss in the following, QCD opportunities can be enhanced by covering a wide rapidity
range either by placing the FPF detectors at di↵erent radial distances from the beam collision axis
or by making the FPF detectors work in coincidence with the ATLAS detector. Deployment of
diverse detection techniques, with several detectors having partial overlap in their rapidity ranges,
will allow one to cross-check the consistency and robustness of independent measurements. The
use of a range of nuclear targets with mass numbers varying in a wide range will fundamentally
enhance the FPF potential for constraining nuclear PDFs.

• Both aspects can provide new understanding of QCD physics, 
complementary to ongoing LHC (…) programme.
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• Range of areas:

★ Neutrino-induced DIS: a 
probe of proton and 
nuclear PDFs.
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FIG. 21. Left: Production of a forward neutrino at the ATLAS IP, and its detection via CC DIS on a
tungsten target in the FPF. Right: The Feynman graph shown in dark blue represents a typical radiative
contribution included in the collinear factorization framework at central rapidities. In far-forward pp ! cc̄

production, additional enhanced corrections from higher orders of ↵s are expected, such as those obtained
by including the partonic interactions and emissions indicated in grey color, as discussed in the main text.

VI. QCD

Quantum Chromodynamics (QCD) is unanimously accepted as the theory of the strong interac-
tions. Yet, there are kinematic regimes in which QCD has not been stringently tested. The FPF
o↵ers a number of unique opportunities for testing and studying QCD in some of these regimes, as
can be inferred from the fact that predictions for fluxes and cross sections at the FPF introduce
unique challenges for QCD theory. We expect that the neutrinos reaching the FPF will be mostly
emitted in the decays of various hadrons produced in collisions at the LHC ATLAS IP. In particular,
as explained in Sec. V, muon neutrinos will be produced mostly in the decays of light mesons and,
to a lesser extent, the light baryons. Tau neutrinos will be produced by decays of heavy-flavored
hadrons, especially D

±
s mesons. Electron neutrinos will be produced in decays of both light and

heavy-flavored hadrons, with the latter dominating at the largest neutrino energies.

Therefore, the FPF, with its capability of distinguishing neutrinos and antineutrinos of di↵erent
flavors, will provide versatile experimental data on both light- and heavy-flavor production. Inter-
pretation of these data will require diverse theoretical approaches. When describing heavy-meson
production, charm and bottom quark masses above 1 GeV allow one to apply perturbative QCD
(pQCD) methods down to pT = 0. However, the smallness of the c and b masses compared to the
other physical scales, notably the LHC center-of-mass energy

p
s, introduces typical pQCD chal-

lenges associated with so-called multi-scale processes. Additionally, non-perturbative QCD e↵ects
are expected to be enhanced in forward heavy-flavor production. On the other hand, low-pT light-
flavor production is dominated by non-perturbative QCD e↵ects and multiple parton interactions,
compensating for the long-distance pQCD divergences in hard-scattering contributions. Produc-
tion of all these hadrons can be described either by dedicated calculations, with di↵erent levels of
accuracy and approximations employed, or by general-purpose event generators.

As we discuss in the following, QCD opportunities can be enhanced by covering a wide rapidity
range either by placing the FPF detectors at di↵erent radial distances from the beam collision axis
or by making the FPF detectors work in coincidence with the ATLAS detector. Deployment of
diverse detection techniques, with several detectors having partial overlap in their rapidity ranges,
will allow one to cross-check the consistency and robustness of independent measurements. The
use of a range of nuclear targets with mass numbers varying in a wide range will fundamentally
enhance the FPF potential for constraining nuclear PDFs.

★ pp physics in the forward region: 
BFKL & saturation physics

★ Particle production in the 
forward region: MC tuning.

★ pp physics in the forward region: 
intrinsic charm & PDFs
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CC DIS

A Forward Physics Facility at the LHC 
opens access to new momentum fractions ݔ

F. Kling
arXiv:1912.10053

࢖࢖ ՜ ࢉ ՜ ࡰ ՜ ࣇ ࢄ production at FASERࣇ
ଵݔ ׽ 10ି଻ and ݔଶ ׽ 0.02 at ۄܳۃ ׽ 2 GeV

1. Little is known about QCD for charm production at such ۄݔۃ ֜ this talk

2. FASERߥ detects neutrinos via charged-current DIS on nuclear targets ֜ M. Garzelli

• DIS continues to be a key ingredient in 
global PDF fits. Neutrino-induced CC DIS 
an important element in this.
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Figure 5: Left plot: D meson production in CC neutrino-induced DIS. This is known as the ‘dimuon’ process, since
events are tagged when the D meson decays semi–leptonically, with the pair of oppositely–charged muons providing
a clean signature. Right plot: charm production in neutral current DIS at leading order proceeds via the photon–gluon
fusion process, highlighting its sensitivity to the gluon PDF.

This HERA legacy combination of DIS inclusive structure functions supersedes all previous inclusive
measurements from H1 and ZEUS, including the Run I combined dataset [129] as well as the separate mea-
surements by the two experiments from Run II [199–202]. The impact of replacing these individual datasets
by the final HERA combination of inclusive structure functions has been studied by di↵erent groups [203–
205], and is found to be quite moderate in general. We also note that previous measurements of the longitu-
dinal structure function FL by the H1 and ZEUS collaborations [200, 206, 207] are now superseded by the
final inclusive HERA combination.

Theoretical calculations and tools
The coe�cient functions of the DIS structure functions in the NC case are available up to O

⇣
↵3

s

⌘
in the

massless limit [208, 209], and up to O
⇣
↵2

s

⌘
taking into account heavy quark mass e↵ects [155, 156], though

there has been considerable recent progress towards the completion of theO
⇣
↵3

s

⌘
calculation of massive DIS

structure functions [210, 211], in particular of the terms that dominate in the Q2
� m2 limit. For charged

current structure functions, massless coe�cients are available up toO
⇣
↵3

s

⌘
and massive coe�cient functions

up to O
⇣
↵2

s

⌘
[157]. For heavy–quark initiated processes, massive coe�cient functions are available only up

to O (↵s) [212].
These coe�cient functions have been implemented in a number of private and public codes, which al-

low the e�cient calculation of DIS structure functions using state–of-the–art theoretical information, such
as QCDNUM [60], APFEL [58],3 and OpenQCDrad [214]. The lengthy exact expressions for the NNLO DIS
coe�cient functions are also available in the form of more compact interpolated expressions, which reduce
the computational burden of their evaluation and allows for e�cient evaluation of DIS cross sections. More-
over, DIS structure functions can be evaluated either in terms of the heavy quark pole mass or in terms of
the running MS mass, as discussed in [214]. This statement is valid both in the FFNS as well as in any
GM–VFNS, see for instance the discussion of the FONLL case in [175].

3The APFEL program is currently being rewritten into C++ [213].
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F ⌫
2 = 2x(d+ s+ b+ u+ c)
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F ⌫
2 = 2x(d+ s+ b+ u+ c)

• Key to disentangling nucleon flavour 
decomposition.
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Figure 18: ATLASpdf21 'B distribution showing experimental uncertainties evaluated with ) = 1 (red), model
(yellow) and parameterisation (green) uncertainties. Experimental, model and parameterisation uncertainties are
cumulative. The lower panel illustrates the fractional uncertainties.
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Figure 19: 'B from ATLASpdf21, showing experimental uncertainties evaluated with ) = 1, model and parameterisa-
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default NNPDF4.0 PDF set. As is clear from Fig. 7, the impact of CC neutrino DIS measurements
is twofold: they suppress the central value of the strange quark PDF and reduce the uncertainty
of the strange quark and anti-quark PDFs by about a factor of two at x ⇠ 0.4.

The compatibility of CC neutrino DIS measurements with LHC measurements has been inves-
tigated in detail. In this respect, a quantity which is usually considered is the ratio of strange to
non-strange sea quark PDFs, Rs, possibly integrated over the x range, Ks:

Rs ⌘
s(x, Q2) + s̄(x, Q)

ū(x, Q) + d̄(x, Q)
Ks ⌘

R 1
0 dxx[s(x, Q) + s̄(x, Q)]

R 1
0 dxx[ū(x, Q) + d̄(x, Q)]

. (2)

In [17? ] an analysis of inclusive gauge boson production measurements collected by the AT-
LAS experiment at 7 TeV suggested values of Rs 1 when PDFs are evaluated at x = 0.023 and
Q = 1.6 GeV. This finding is in constrast to the belief, supported by CC neutrino DIS measure-
ments, that total quark and anti-quark strange distributions should be suppressed with respect
to other light sea quarks to around Rs ⇠ 0.5 for the same values of x and Q. Tension between
CC neutrino DIS data and the ATLAS measurement [17] was also reported in the CT18 global
analysis [100], in which the ATLAS measurement was not included in the baseline parton set, but
only in a variant set called CT18A. The MSHT20 [203] and NNPDF4.0 [158] analyses found that a
larger total strange distribution, more similar to the one favored by the ATLAS measurement, also
follows from CC neutrino DIS measurements if these are analysed after inclusion of recently com-
puted NNLO charm-quark mass corrections [207, 208]. They also found general compatibility with
other LHC measurements, namely of ATLAS and CMS W + c [209–211] and ATLAS W+jet [212]
measurements, see also [194] and the ABMP16 parton set [202] (the only two analyses to also
include NOMAD measurements). This state of a↵airs is summarized in Fig. 8, where the ratio
Ks, Eq. (2), is displayed at Q = 1.65 GeV and Q = 100 GeV for the ATLAS [17], ABMP16 [202],
CT18/CT18A [100], MSHT20 [203] and NNPDF4.0 [158] (with and without neutrino DIS data)
parton sets.

The FPF will provide additional measurements, in a kinematic region that extends the coverage
of current CC neutrino DIS data, that may further clarify how much strange quark and anti-qarak
distributions are suppressed in comparison to other light sea quark PDFs. In particular, because
the FPF would probe a higher energy regimem than those accessed by current data, measurements
are expected to be a↵ected by smaller theoretical ucnertainties. Furthermore, the FPF may use
di↵erent techniques for charm tagging, including the detailed reconstruction of the topology of the
charmed meson and baryon decays achieved by emulsion experiments.

All the available CC neutrino DIS measurements make use of nuclear targets, typically Fe or
Pb (see Table II), instead of free protons. The FPF will be no exception, given the Ar or W target
foreseen in LAr and emulsion experiments. This fact has two consequences. First, if the data is
used to determine free-proton PDFs, nuclear corrections should be taken into account. Second, the
data could instead be used to determine nuclear corrections themselves, for example by means of a
determination of nuclear PDFs.

In the first case, nuclear corrections are included in global QCD analyses in various ways. In
ABMP16 and CT18, various nuclear models are used [100, 202]; in MSHT20, PDFs are corrected
by means of the nuclear factors independently determined in [213]; and in NNPDF4.0 CC neu-
trnino DIS data are deweighted by a correlated uncertainty determined as the di↵erence between
the observables obtained with nuclear and free-proton PDFs [214]. In this last case, the same
methodology is used to determine nuclear and proton PDFs, specifically, the nNNPDF3.0 nPDF
set is used [215]. Be that as it may, as proton PDFs get more precise, nuclear corrections are
starting to becoming of the same size of PDF uncertainties. Their inclusion in global analyses is
therefore increasingly relevant to ensure the accuracy of proton PDFs.

• Strangeness ‘puzzle’: some degree of 
tension. between LHC (W,Z) constraints 
on proton strangeness and DIS.

• To some extent reduced in more recent fits, 
but difference in pulls remain. CC DIS still 
important constraint.
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FIG. 7. A comparison between the strange quark (left) and anti-quark (right) PDFs otained from the
NNPDF4.0 parton set and from a variant of it that does not include any CC neutrino DIS measurements.
Results are displayed as a function of x at Q = 10 GeV, for the PDFs (top) and their relative uncertainties
(bottom). In both cases, results are normalized to the central value of the default NNPDF4.0 PDF set.

FIG. 8. The ratio Ks, Eq. (2), at Q = 1.65 GeV (left) and Q = 100 GeV (right) obtained from the following
PDF sets: ATLAS-epWZ16 [17], ABMP16 [202], CT18/CT18A [100], MSHT20 [203] and NNPDF4.0 [158]
(with and without neutrino DIS data).

• FPF provides significant new information:

★ Extended coverage/higher energy regime.
★ Multiple charm tagging methods (                 
branching key uncertainty in existing data).

<latexit sha1_base64="hvlYv+dJodNe+GSMUENhPzUz87I=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsxIqS6LunBZwT6kM5RMmmlDk8yQZIQy9CvcuFDErZ/jzr8xbWehrQcCh3PuJfecMOFMG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUEdoiMY9VN8SaciZpyzDDaTdRFIuQ0044vpn5nSeqNIvlg5kkNBB4KFnECDZWerxFvomRL9J+ueJW3TnQKvFyUoEczX75yx/EJBVUGsKx1j3PTUyQYWUY4XRa8lNNE0zGeEh7lkosqA6y+cFTdGaVAYpiZZ80aK7+3siw0HoiQjspsBnpZW8m/uf1UhNdBRmTSWqoJIuPopQjG3KWHg2YosTwiSWYKGZvRWSEFSbGdlSyJXjLkVdJ+6Lq1au1+1qlcZ3XUYQTOIVz8OASGnAHTWgBAQHP8ApvjnJenHfnYzFacPKdY/gD5/MH8xuP3g==</latexit>

D ! µ

• Can help to further disentangle this 
question!

CC DIS
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• Flavour structure and strangeness in particular less constrained in nuclear 
PDFs, and less LHC W,Z data here        potential for even greater impact.

Figure 5: Left plot: D meson production in CC neutrino-induced DIS. This is known as the ‘dimuon’ process, since
events are tagged when the D meson decays semi–leptonically, with the pair of oppositely–charged muons providing
a clean signature. Right plot: charm production in neutral current DIS at leading order proceeds via the photon–gluon
fusion process, highlighting its sensitivity to the gluon PDF.

This HERA legacy combination of DIS inclusive structure functions supersedes all previous inclusive
measurements from H1 and ZEUS, including the Run I combined dataset [129] as well as the separate mea-
surements by the two experiments from Run II [199–202]. The impact of replacing these individual datasets
by the final HERA combination of inclusive structure functions has been studied by di↵erent groups [203–
205], and is found to be quite moderate in general. We also note that previous measurements of the longitu-
dinal structure function FL by the H1 and ZEUS collaborations [200, 206, 207] are now superseded by the
final inclusive HERA combination.

Theoretical calculations and tools
The coe�cient functions of the DIS structure functions in the NC case are available up to O

⇣
↵3

s

⌘
in the

massless limit [208, 209], and up to O
⇣
↵2

s

⌘
taking into account heavy quark mass e↵ects [155, 156], though

there has been considerable recent progress towards the completion of theO
⇣
↵3

s

⌘
calculation of massive DIS

structure functions [210, 211], in particular of the terms that dominate in the Q2
� m2 limit. For charged

current structure functions, massless coe�cients are available up toO
⇣
↵3

s

⌘
and massive coe�cient functions

up to O
⇣
↵2

s

⌘
[157]. For heavy–quark initiated processes, massive coe�cient functions are available only up

to O (↵s) [212].
These coe�cient functions have been implemented in a number of private and public codes, which al-

low the e�cient calculation of DIS structure functions using state–of-the–art theoretical information, such
as QCDNUM [60], APFEL [58],3 and OpenQCDrad [214]. The lengthy exact expressions for the NNLO DIS
coe�cient functions are also available in the form of more compact interpolated expressions, which reduce
the computational burden of their evaluation and allows for e�cient evaluation of DIS cross sections. More-
over, DIS structure functions can be evaluated either in terms of the heavy quark pole mass or in terms of
the running MS mass, as discussed in [214]. This statement is valid both in the FFNS as well as in any
GM–VFNS, see for instance the discussion of the FONLL case in [175].

3The APFEL program is currently being rewritten into C++ [213].
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Either constrain proton PDFs (w/ nuclear 
corrections) or nuclear PDFs directly.

• Previous fixed-target neutrino-induced DIS on fixed 
nuclear targets. FPF of course no different.

<latexit sha1_base64="Hixo8HSyHyFdnDxjE5iKL5SELL0=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rHoxWMV+wFpKJvtpl262Q27E6WU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSgU36HnfTmFldW19o7hZ2tre2d0r7x80jco0ZQ2qhNLtiBgmuGQN5ChYO9WMJJFgrWh4M/Vbj0wbruQDjlIWJqQvecwpQSsFnXveHyDRWj11yxWv6s3gLhM/JxXIUe+Wvzo9RbOESaSCGBP4XorhmGjkVLBJqZMZlhI6JH0WWCpJwkw4np08cU+s0nNjpW1JdGfq74kxSYwZJZHtTAgOzKI3Ff/zggzjq3DMZZohk3S+KM6Ei8qd/u/2uGYUxcgSQjW3t7p0QDShaFMq2RD8xZeXSfOs6l9Uz+/OK7XrPI4iHMExnIIPl1CDW6hDAygoeIZXeHPQeXHenY95a8HJZw7hD5zPH5QJkXY=</latexit>)
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QCD at the extremes
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FIG. 21. Left: Production of a forward neutrino at the ATLAS IP, and its detection via CC DIS on a
tungsten target in the FPF. Right: The Feynman graph shown in dark blue represents a typical radiative
contribution included in the collinear factorization framework at central rapidities. In far-forward pp ! cc̄

production, additional enhanced corrections from higher orders of ↵s are expected, such as those obtained
by including the partonic interactions and emissions indicated in grey color, as discussed in the main text.

VI. QCD

Quantum Chromodynamics (QCD) is unanimously accepted as the theory of the strong interac-
tions. Yet, there are kinematic regimes in which QCD has not been stringently tested. The FPF
o↵ers a number of unique opportunities for testing and studying QCD in some of these regimes, as
can be inferred from the fact that predictions for fluxes and cross sections at the FPF introduce
unique challenges for QCD theory. We expect that the neutrinos reaching the FPF will be mostly
emitted in the decays of various hadrons produced in collisions at the LHC ATLAS IP. In particular,
as explained in Sec. V, muon neutrinos will be produced mostly in the decays of light mesons and,
to a lesser extent, the light baryons. Tau neutrinos will be produced by decays of heavy-flavored
hadrons, especially D

±
s mesons. Electron neutrinos will be produced in decays of both light and

heavy-flavored hadrons, with the latter dominating at the largest neutrino energies.

Therefore, the FPF, with its capability of distinguishing neutrinos and antineutrinos of di↵erent
flavors, will provide versatile experimental data on both light- and heavy-flavor production. Inter-
pretation of these data will require diverse theoretical approaches. When describing heavy-meson
production, charm and bottom quark masses above 1 GeV allow one to apply perturbative QCD
(pQCD) methods down to pT = 0. However, the smallness of the c and b masses compared to the
other physical scales, notably the LHC center-of-mass energy

p
s, introduces typical pQCD chal-

lenges associated with so-called multi-scale processes. Additionally, non-perturbative QCD e↵ects
are expected to be enhanced in forward heavy-flavor production. On the other hand, low-pT light-
flavor production is dominated by non-perturbative QCD e↵ects and multiple parton interactions,
compensating for the long-distance pQCD divergences in hard-scattering contributions. Produc-
tion of all these hadrons can be described either by dedicated calculations, with di↵erent levels of
accuracy and approximations employed, or by general-purpose event generators.

As we discuss in the following, QCD opportunities can be enhanced by covering a wide rapidity
range either by placing the FPF detectors at di↵erent radial distances from the beam collision axis
or by making the FPF detectors work in coincidence with the ATLAS detector. Deployment of
diverse detection techniques, with several detectors having partial overlap in their rapidity ranges,
will allow one to cross-check the consistency and robustness of independent measurements. The
use of a range of nuclear targets with mass numbers varying in a wide range will fundamentally
enhance the FPF potential for constraining nuclear PDFs.

A Forward Physics Facility at the LHC 
opens access to new momentum fractions ݔ

F. Kling
arXiv:1912.10053

࢖࢖ ՜ ࢉ ՜ ࡰ ՜ ࣇ ࢄ production at FASERࣇ
ଵݔ ׽ 10ି଻ and ݔଶ ׽ 0.02 at ۄܳۃ ׽ 2 GeV

1. Little is known about QCD for charm production at such ۄݔۃ ֜ this talk

2. FASERߥ detects neutrinos via charged-current DIS on nuclear targets ֜ M. Garzelli

• FPF neutrinos due to far decay of particles produced in far forward region.

• That is, due to both very high and low partonic   . Roughly:
<latexit sha1_base64="qegtV8B/1MI2L1nS74U/qnRJBCY="></latexit>

xlow & 5⇥ 10�8
<latexit sha1_base64="x4D/+c/Bs2/B+afYTp6QFc3zeuU=">AAACAnicdVDLSgMxFM34rPU16krcBIvgqiSl9gEuCm5cVrAP6JSSSdM2NJkZkoxYhuLGX3HjQhG3foU7/8ZMW0FFD1w4nHMv997jR4Jrg9CHs7S8srq2ntnIbm5t7+y6e/tNHcaKsgYNRajaPtFM8IA1DDeCtSPFiPQFa/nji9Rv3TCleRhcm0nEupIMAz7glBgr9dzD217iKQlHfDiaQk8wrTWXEOXPem4O5RFCGGOYElwuIUuq1UoBVyBOLYscWKDec9+9fkhjyQJDBdG6g1FkuglRhlPBplkv1iwidEyGrGNpQCTT3WT2whSeWKUPB6GyFRg4U79PJERqPZG+7ZTEjPRvLxX/8jqxGVS6CQ+i2LCAzhcNYgFNCNM8YJ8rRo2YWEKo4vZWSEdEEWpsalkbwten8H/SLORxKV+8KuZq54s4MuAIHINTgEEZ1MAlqIMGoOAOPIAn8OzcO4/Oi/M6b11yFjMH4Aect099W5bX</latexit>

xhigh . 0.5

<latexit sha1_base64="LmcQPbdhE2f+hDddL9cWKMStu6U=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqIVFwMYyAfMByRH2NnPJmr29Y3dPDCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2i0jyW92acoB/RgeQhZ9RYqf7UK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZe+yXKlXStWbLI48nMApnIMHV1CFO6hBAxggPMMrvDkPzovz7nwsWnNONnMMf+B8/gDnWYz/</latexit>x

• These regimes are both poorly constrained and theoretically challenging, 
requiring modifications to ‘standard’ QCD framework.

FPF data can push into this novel QCD regime
<latexit sha1_base64="XxiKRFBC0zFOIe8GGmivdOVND1A=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqIVFwMYygvmAyxH2NnvJkr3bY3dOCSE/w8ZCEVt/jZ3/xk1yhSY+GHi8N8PMvDCVwqDrfjuFtfWNza3idmlnd2//oHx41DIq04w3mZJKd0JquBQJb6JAyTup5jQOJW+Ho9uZ337k2giVPOA45UFMB4mIBKNoJb+rxWCIVGv11CtX3Ko7B1klXk4qkKPRK391+4plMU+QSWqM77kpBhOqUTDJp6VuZnhK2YgOuG9pQmNugsn85Ck5s0qfRErbSpDM1d8TExobM45D2xlTHJplbyb+5/kZRtfBRCRphjxhi0VRJgkqMvuf9IXmDOXYEsq0sLcSNqSaMrQplWwI3vLLq6R1UfUuq7X7WqV+k8dRhBM4hXPw4ArqcAcNaAIDBc/wCm8OOi/Ou/OxaC04+cwx/IHz+QPD25GQ</latexit>!
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High    and intrinsic charm<latexit sha1_base64="LmcQPbdhE2f+hDddL9cWKMStu6U=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqIVFwMYyAfMByRH2NnPJmr29Y3dPDCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2i0jyW92acoB/RgeQhZ9RYqf7UK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZe+yXKlXStWbLI48nMApnIMHV1CFO6hBAxggPMMrvDkPzovz7nwsWnNONnMMf+B8/gDnWYz/</latexit>x
• Proton at high scales contains heavy quark content generated by 

perturbative splittings:

Sea-like and valence-like PDFs
A simple model for a quark PDF at Q0 consists of  
two components: 

1. Sea-like (”extrinsic”) component:
• monotonic in x, satisfies 

q(x) / x�1 x ! 0

• may be generated in several 
ways, e.g.,  
• in perturbative QCD 

from gluon splittings

• in lattice QCD from 
disconnected diagrams

4

<latexit sha1_base64="nNLZ4OEn+RG6IbCgrrCOouZpZj8=">AAACC3icbVDNS8MwHE3n15xfVY9ewoYwYYx2DPXgYeDF4wbuA9Y60izdwpK2JKk4yu5e/Fe8eFDEq/+AN/8b060H3XwQeLz3fkl+z4sYlcqyvo3c2vrG5lZ+u7Czu7d/YB4edWQYC0zaOGSh6HlIEkYD0lZUMdKLBEHcY6TrTa5Tv3tPhKRhcKumEXE5GgXUpxgpLQ3Mold+qLTuamcV6IQ6mN6TeLNMhI6kfGCWrKo1B1wldkZKIENzYH45wxDHnAQKMyRl37Yi5SZIKIoZmRWcWJII4Qkakb6mAeJEusl8lxk81coQ+qHQJ1Bwrv6eSBCXcso9neRIjeWyl4r/ef1Y+ZduQoMoViTAi4f8mEEVwrQYOKSCYMWmmiAsqP4rxGMkEFa6voIuwV5eeZV0alX7vFpv1UuNq6yOPDgBRVAGNrgADXADmqANMHgEz+AVvBlPxovxbnwsojkjmzkGf2B8/gAo65k7</latexit>

b(x,Q2), b(x,Q2) ⇠
<latexit sha1_base64="LOetwUfgKnW3BP+sWxeoxySLaCA=">AAACC3icbVDNS8MwHE3n15xfVY9ewoYwYYx2DPXgYeDF4wbuA9Y60izdwpK2JKk4yu5e/Fe8eFDEq/+AN/8b060H3XwQeLz3fkl+z4sYlcqyvo3c2vrG5lZ+u7Czu7d/YB4edWQYC0zaOGSh6HlIEkYD0lZUMdKLBEHcY6TrTa5Tv3tPhKRhcKumEXE5GgXUpxgpLQ3MIi4/VFp3tbMKdEIdTO9J8CwToSMpH5glq2rNAVeJnZESyNAcmF/OMMQxJ4HCDEnZt61IuQkSimJGZgUnliRCeIJGpK9pgDiRbjLfZQZPtTKEfij0CRScq78nEsSlnHJPJzlSY7nspeJ/Xj9W/qWb0CCKFQnw4iE/ZlCFMC0GDqkgWLGpJggLqv8K8RgJhJWur6BLsJdXXiWdWtU+r9Zb9VLjKqsjD05AEZSBDS5AA9yAJmgDDB7BM3gFb8aT8WK8Gx+LaM7IZo7BHxifPywhmT0=</latexit>

c(x,Q2), c(x,Q2) ⇠

• However for charm quark  interesting possibility of ‘intrinsic’ content, not 
generated by above perturbative picture.

• Predicted by perturbative QCD in 
terms of other partons.

Sea-like and valence-like PDFs
A simple model for a quark PDF at Q0 consits of  
two components: 

2. Valence-like (”intrinsic”) component
peaks in x, satisfies 

• may be generated in several ways, e.g., 
• for all flavors, nonperturbatively from a 

uudQQbar Fock state:

q(x) / x�1/2 x ! 0

• for ubar and dbar, in lattice QCD from 
connected diagrams

Brodsky, Peterson, 
Sakai, PRD 1981

5
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• Contribution from this intrinsic component currently open question.

• Fitted charm included in NNPDF fits, and CT studies within 
phenomenological models.

Figure 8.7. Same as Fig. 7.3, comparing to the baseline PDFs in which charm is not independently parametrized
but rather determined by perturbative matching. The charm mass is taken to be mc = 1.51 GeV in both fits.

to the experimental data, with a correspondingly reduced uncertainty, (denoted as “shift”) or not at all, for
either or both deuterium or heavy nuclei.

93

Impact of IC on the PDFs and their ratios

16

• Some recent evidence from LHCb data on Z+c production.

ubar and dbar PDFs, deconstruction

Liu, Chang, Cheng, Peng, PRL(2012) 1206.4339

x(ū+ d̄)CS

x(ū+ d̄)DS

CS (connected Sea) and DS (Disconnected Sea) are related to 
intrinsic and extrinsic components respectively according to 
the short-distance expansion of  the hadronic tensor
in lattice QCD.

Smooth ubar+dbar
parametrizations can hide 
existence of two components

• General expectation: intrinsic content will be 
enhanced in the high    region.<latexit sha1_base64="LmcQPbdhE2f+hDddL9cWKMStu6U=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqIVFwMYyAfMByRH2NnPJmr29Y3dPDCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2i0jyW92acoB/RgeQhZ9RYqf7UK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZe+yXKlXStWbLI48nMApnIMHV1CFO6hBAxggPMMrvDkPzovz7nwsWnNONnMMf+B8/gDnWYz/</latexit>x

FPF data on forward charm production can 
provide handle on this.

<latexit sha1_base64="XxiKRFBC0zFOIe8GGmivdOVND1A=">AAAB8nicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqIVFwMYygvmAyxH2NnvJkr3bY3dOCSE/w8ZCEVt/jZ3/xk1yhSY+GHi8N8PMvDCVwqDrfjuFtfWNza3idmlnd2//oHx41DIq04w3mZJKd0JquBQJb6JAyTup5jQOJW+Ho9uZ337k2giVPOA45UFMB4mIBKNoJb+rxWCIVGv11CtX3Ko7B1klXk4qkKPRK391+4plMU+QSWqM77kpBhOqUTDJp6VuZnhK2YgOuG9pQmNugsn85Ck5s0qfRErbSpDM1d8TExobM45D2xlTHJplbyb+5/kZRtfBRCRphjxhi0VRJgkqMvuf9IXmDOXYEsq0sLcSNqSaMrQplWwI3vLLq6R1UfUuq7X7WqV+k8dRhBM4hXPw4ArqcAcNaAIDBc/wCm8OOi/Ou/OxaC04+cwx/IHz+QPD25GQ</latexit>!
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• Forward charm production key probe of intrinsic charm, via impact on 
neutrino flux. Can shed light on this issue.
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K-meson (dotted)
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 (dashed)c c→D-meson: g*g 
 Dc (dash-dotted)→D-meson: gq 
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FIG. 9. The energy distribution of ⌫e + ⌫̄e flux at FASER⌫ for
p

s = 13 TeV with ⌘⌫ > 8.5 condition.
Here the conventional gg ! cc̄ (dashed), the intrinsic charm (solid) and the recombination (dash-dotted
and long-dashed) mechanisms corresponding to charm meson component of the flux are shown separately.
The K-meson component (dotted) is taken from Ref. [227]. Here integrated luminosity L = 150 fb�1 was
assumed.

“Intrinsic charm” (IC) production at large 
momentum fractions

11/10/2020 P. Nadolsky, FPF kick-off workshop 25

• Better understood in DIS
• Arises from higher-twist terms with a potentially process-dependent hard 

component (different in ݁݌ ՜ ݁ܿܺ and ݌݌ ՜ ܿܺ)
• May strongly enhance the neutrino flux at FASERߥ
• LHCb measurements of charm production may help to constrain!
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FIG. 5. D
0 hadroproduction in the far forward region in pp collision at 13 TeV.

P2

P1

W 2

forward emission

P1

central emission

P2

P1

ATLAS central emission
P2

FPF ultra-forward emission

a) Single forward detection b) Single central detection c) FPF + ATLAS detection

FIG. 6. Schematic representation of a) an inclusive single forward detection in hybrid high-energy/collinear
factorization, b) an inclusive single central detection in pure high-energy factorization, c) an inclusive
FPF + ATLAS detection in hybrid factorization. The violet blob in diagram a) depicts collinear PDFs,
whereas sea-green ones in both diagrams stand for the hard part of the o↵-shell vertex portraying the emis-
sion of a generic particle in forward and/or central regions of rapidity. The UGDs, depicted in red, encode
nonperturbative information about the gluon content in the proton at high energies/small-x. The BFKL
Green’s function is represented by the yellow oval. Gluon-induced emissions from the collinear region(s) in
panel a) and c), not shown here, are embodied in the sea-green blob(s).

G. Small-x resummation at the LHC and its impact for the FPF

Contributors: Marco Bonvini, Federico Silvetti
Perturbative QCD (pQCD) has proven to be a very powerful tool for describing the strong inter-

actions at colliders. In particular, when there are hadrons (protons) in the initial state, the calcula-
tion of physical observables requires the factorization of short-distance cross sections, computable in
pQCD, and of universal parton distribution functions (PDFs) describing the long-distance internal
dynamics of partons in the proton. The collinear factorization framework[39–42] is the most widely
used, and it allows to resum the collinear logarithms of the energy scale of the process through the
DGLAP evolution equation [43–45].

Within this framework, partonic cross sections are usually computed at fixed order in pertur-
bation theory. For many processes at hadron colliders the state of the art is NNLO, and for some
processes even N3LO results have been made available recently [46–57]. However, the presence in
these computations of some classes of logarithmically enhanced contributions may spoil the accu-
racy of the results in certain kinematic regions. One such class is given by the so-called high-energy

• Range of feasibility studies in white paper.
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FIG. 7. (a) Feynman - x distributions of the produced D
0 + D̄0 mesons in pp collisions at

p
s = 13 TeV

considering di↵erent models for the intrinsic component and the contribution of both gluon – and charm –
initiated processes; (b) Feynman - x dependence of the ratio between the predictions calculated using the
BHPS model and standard CTEQ 6.5 parametrization.

As expected from Fig. 7 (a), the BHPS model predicts an enhancement at intermediate xF that
is a factor 6 – 9 in the energy ranges considered. The main aspect that should be emphasized here
is that the enhancement occurs exactly in the xF range of the FPF experiments. Such results
indicates that a future measurement can be useful to probe the presence (or not) of the intrinsic
component as well as to constrain the formalism used to describe the heavy meson production at
very forward rapidities.

F. High-energy QCD reactions at the FPF

Contributors: Grigorios Chachamis, ... TBD later today

G. Small-x resummation at the LHC and its impact for the FPF

Contributors: Marco Bonvini, Federico Silvetti
Perturbative QCD (pQCD) has proven to be a very powerful tool for describing the strong inter-

actions at colliders. In particular, when there are hadrons (protons) in the initial state, the calcula-
tion of physical observables requires the factorization of short-distance cross sections, computable in
pQCD, and of universal parton distribution functions (PDFs) describing the long-distance internal
dynamics of partons in the proton. The collinear factorization framework[56–59] is the most widely
used, and it allows to resum the collinear logarithms of the energy scale of the process through the
DGLAP evolution equation [60–62].

Within this framework, partonic cross sections are usually computed at fixed order in pertur-
bation theory. For many processes at hadron colliders the state of the art is NNLO, and for some
processes even N3LO results have been made available recently [63–74]. However, the presence in
these computations of some classes of logarithmically enhanced contributions may spoil the accu-
racy of the results in certain kinematic regions. One such class is given by the so-called high-energy
(or small-x) logarithms, that appear as log 1

x
where x = Q

2
/ŝ, being Q

2 the hard scale of the
process and ŝ the partonic center of mass energy. At high collider energy

p
s (and thus high ŝ)

the dimensionless variable x becomes small and its logarithm becomes large. In the MS scheme,
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FIG. 21. Left: Production of a forward neutrino at the ATLAS IP, and its detection via CC DIS on a
tungsten target in the FPF. Right: The Feynman graph shown in dark blue represents a typical radiative
contribution included in the collinear factorization framework at central rapidities. In far-forward pp ! cc̄

production, additional enhanced corrections from higher orders of ↵s are expected, such as those obtained
by including the partonic interactions and emissions indicated in grey color, as discussed in the main text.

VI. QCD

Quantum Chromodynamics (QCD) is unanimously accepted as the theory of the strong interac-
tions. Yet, there are kinematic regimes in which QCD has not been stringently tested. The FPF
o↵ers a number of unique opportunities for testing and studying QCD in some of these regimes, as
can be inferred from the fact that predictions for fluxes and cross sections at the FPF introduce
unique challenges for QCD theory. We expect that the neutrinos reaching the FPF will be mostly
emitted in the decays of various hadrons produced in collisions at the LHC ATLAS IP. In particular,
as explained in Sec. V, muon neutrinos will be produced mostly in the decays of light mesons and,
to a lesser extent, the light baryons. Tau neutrinos will be produced by decays of heavy-flavored
hadrons, especially D

±
s mesons. Electron neutrinos will be produced in decays of both light and

heavy-flavored hadrons, with the latter dominating at the largest neutrino energies.

Therefore, the FPF, with its capability of distinguishing neutrinos and antineutrinos of di↵erent
flavors, will provide versatile experimental data on both light- and heavy-flavor production. Inter-
pretation of these data will require diverse theoretical approaches. When describing heavy-meson
production, charm and bottom quark masses above 1 GeV allow one to apply perturbative QCD
(pQCD) methods down to pT = 0. However, the smallness of the c and b masses compared to the
other physical scales, notably the LHC center-of-mass energy

p
s, introduces typical pQCD chal-

lenges associated with so-called multi-scale processes. Additionally, non-perturbative QCD e↵ects
are expected to be enhanced in forward heavy-flavor production. On the other hand, low-pT light-
flavor production is dominated by non-perturbative QCD e↵ects and multiple parton interactions,
compensating for the long-distance pQCD divergences in hard-scattering contributions. Produc-
tion of all these hadrons can be described either by dedicated calculations, with di↵erent levels of
accuracy and approximations employed, or by general-purpose event generators.

As we discuss in the following, QCD opportunities can be enhanced by covering a wide rapidity
range either by placing the FPF detectors at di↵erent radial distances from the beam collision axis
or by making the FPF detectors work in coincidence with the ATLAS detector. Deployment of
diverse detection techniques, with several detectors having partial overlap in their rapidity ranges,
will allow one to cross-check the consistency and robustness of independent measurements. The
use of a range of nuclear targets with mass numbers varying in a wide range will fundamentally
enhance the FPF potential for constraining nuclear PDFs.

• For generic production processes in the high energy 
(i.e. low     ) regime a range of novel QCD effects 
come into play.
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★ Low    and BFKL : 

• For                   fixed order pQCD becomes 
unreliable and resummation required        
move beyond DGLAP framework to BFKL 
based one.
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↵s ln
1

x
⇠ 1

• BFKL resummation of 
production process and collinear 
PDF evolution available. Impact 
on e.g. HERA data seen.
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A new regime of QCD: low x, BFKL resummation, saturation

PDF fits based on fixed order (NNLO) and small-x resumed (NNLO+NLLx) theory 

V. Bertone

Resummation stabilizes fixed-order QCD 
at ݔ < 10ିଷ; inclusive cross sections are 
not ideal for discrimination between 
DGLAP and BKFL scenarios
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• Impact largest at forward 
rapidities, whereas can be washed 
out in inclusive/high scale 
processes. 
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FIG. 4. Upper plots: Comparison between the gluon-gluon luminosity (left) and the quark-gluon luminosity
(right) with (solid orange) and without (dashed blue) small-x resummation for LHC with

p
s = 13 TeV

as a function of the final state invariant mass. Lower plots: Analogous comparison for rapidity dependent
gluon-gluon luminosity, at low invariant mass (left) and medium invariant mass (right). Taken from Ref. [23].

precision, one would laso need more precise PDFs at small x. Currently, the data constraining the
PDFs at small x used in resummed fits are only those from HERA. There are for example valuable
Drell-Yan data from the LHC extending to small x [81–97], lying at values of Q2 that is higher
than HERA. Including these in the PDF fits requires the resummation, at di↵erential level, of the
Drell-Yan process, and would also provide a strong validation of the currently available resummed
PDFs, which already already rely on the abundance of DY scattering data from the LHC [98–100].
A complete implementation of the resummation for the Drell-Yan process for phenomenological
applications is under development.

H. Neutrino DIS data in proton and nuclear global PDF fits

Contributors: Pit Duwentäster + nCTEQ Collaboration, ...

I. High-energy QCD via a FPF+ATLAS timing coincidence

Contributors: Francesco Giovanni Celiberto, Michael Fucilla, Mohammed M. A. Mohammed,

• Predictions for forward charm 
production at FPF highly 
sensitive to this. Can play key 
role in studying the effect of 
such resummation.
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section. Adapted from Ref. [77].

I. High-energy QCD via a FPF+ATLAS timing coincidence

Contributors: Francesco Giovanni Celiberto, Michael Fucilla, Mohammed M. A. Mohammed,
Alessandro Papa

Although fixed-order calculations done at the hands of the standard collinear factorization have
collected a consistent series of achievements in the description of experimental data, there exist
kinematic sectors which lie outside the applicability domain of the pure collinear approach. Here,
the convergence of the perturbative series is spoiled by the appearance of large logarithms which
compensate the smallness of the QCD running coupling. All this calls for an enhancement of the
collinear description that is a↵orded by including the e↵ect of one or more resummation mecha-
nisms. This is the case of the semi-hard regime [104], where the scale hierarchy, ⇤QCD ⌧ {Q} ⌧

p
s

(⇤QCD the QCD scale, {Q} a (set of) hard scale(s) typical of the process and
p

s the center-of-
mass energy) stringently holds. Here, large energy logarithms enter theoretical prediction with a
power that increases with the perturbative order. More in particular, large final-state rapidities
(or rapidity distances) depicting single forward emissions (or double forward/backward emissions)
straightforwardly heighten the weight of terms proportional to ln(s). The standard procedure to
perform an all-order resummation of these large energy logarithms is provided by the BFKL ap-
proach [18–21] in the leading approximation (LL), which means inclusion of all terms proportional
to ↵

n
s ln(s)n, and in the next-to-leading approximation (NLL), including all terms proportional to

↵
n+1
s ln(s)n.
Over the last decade, predictions for a large number of semi-hard observables in unpolarized

hadronic collisions have been obtained. Among them, azimuthal correlations between two jets emit-
ted with high transverse momenta and large separation in rapidity (Mueller–Navelet dijet chan-
nel [105]) have been identified as promising observables whereby discriminating between BFKL-
resummed and fixed-order-inspired calculations [106, 107]. Several phenomenological studies have
been conducted so far [108–118], which are in fair agreement with the only set of data avail-
able, i.e. the one collected by the CMS collaboration for symmetric ranges of the jet transverse
momenta [119]. In Ref. [120] (see also Refs. [121–125]) a clear evidence was provided that the
high-energy resummed dynamics can be sharply disengaged from the fixed-order pattern at LHC



• Inclusive forward charm production: testing 
ground for different approaches to modelling 
this regime in QCD.

Hybrid or pure factorization?
Forward emissions Central emissions

Asymmetric config.    fast parton + small-x gluon↔

Hybrid high-energy/collinear factorization

Gluon induced    small-x gluons↔

Pure high-energy factorization

P2

P1

W 2

Collinear PDF

UGD

P1

P2

UGD

UGD

42.0  UGD
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• In this high energy (low   ) regime `standard’ collinear factorization not the 
only way to approach things.

• Forward charm:      factorization, colour dipole formalism…
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k?kT-factorization scheme

• The partonic cross section 
is convoluted with 
unintegrated gluon 
densities F 

Catani, Ciafaloni, Hautmann 1991, Collins Ellis 1991
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Anna Stasto, Small x prediction for forward charm production, 2nd FPF Meeting, May 28, 2021 

Parton saturation

9

At small x another effect possible: gluon saturation


High gluon density can lead to increase of recombination effects. Unitarity.


QCD at high energy : dynamically generated saturation scale

Anna Stasto, Small x prediction for forward charm production, 2nd FPF Meeting, May 28, 2021 

• Additionally connected to physics of 
saturation: at low     gluon recombination 
effects expected to become important, 
modifying gluon density.
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FIG. 23. Left: The small-x gluon PDF at Q = 1.7 GeV in the NNPDF3.1 proton fits without and with
forward D meson data from LHCb, together with the lead nuclear PDF in the nNNPDF2.0 analysis. Right:
The d̄(x, Q) PDF at large x, discussed in Sec. VI D, here comparing the NNPDF3.1 global proton fit with
variants where all fixed-target DIS data are removed and where only data associated with proton targets are
retained.

ization scales and other auxiliary parameters in the QCD cross sections, implementing logarithmic
expansions of all-order resummed cross sections, and constraining the currently uncertain PDFs in
the relevant x regions using measurements either at the FPF itself [40] or in other experiments.

In a typical very forward kinematic configuration accessible to the FPF experiments, neutrinos
are produced from decays of charmed mesons with large rapidity values. In particular, charm y

values up to ⇠ 9 correspond to QCD scattering contributions with disparate partonic momentum
fractions as high as x1 ⇠ 0.5 in one proton beam and as low as x2 ⇠ 5 ⇥ 10�8 in the other. As we
have already pointed out, the standard QCD framework is modified in both limits of x ! 1 and
x ! 0, where little or no experimental measurements currently exist.

1. Constraints on Small-x PDFs

As discussed in Sec. VI A, for x ! 0, such very forward measurements are likely sensitive to
BFKL phenomena or saturation [263] e↵ects, the onset of which may have already been observed in
the inclusive HERA data [264–266]. For small x below 10�4, higher-order QCD terms with ln(1/x)
dependence grow quickly at factorization scales of order 1 GeV. Nevertheless, collinear factoriza-
tion employing precisely known PDFs can provide useful small-x extrapolations for applications in
astroparticle physics, such as the calculation of the ultra-high-energy neutrino-nucleus cross sec-
tions [267], the attenuation rates of astrophysical neutrinos as they cross the Earth on their way to
the detector [268], and the flux of prompt neutrinos arising from charm production in cosmic rays
collisions in the atmosphere [269, 270].

The impact of forward charm production data on the small-x PDFs [271] is quantified in Fig. 23,
where NNPDF3.1 global fits without and with the LHCb D meson data [272] at 5, 7, and 13 TeV
are compared. One can observe how forward charm measurements constrain markedly the small-x
PDFs, as also pointed out in other analyses [155, 273]. Similar or even stronger constraints could
be expected from the corresponding forward FPF measurements, considering the aforementioned
x coverage.

It would be appealing, but challenging, to extend such studies to neutrinos from heavy-flavor
production and decay in proton-nucleus collisions, with either the proton or nucleus beam traveling

• Note that there is direct interplay in 
this low    region with PDFs, which 
are less well constrained in this 
region.
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FIG. 6. �Y -distribution (left plots) and azimuthal distribution (right plots) for the inclusive (⇡ + D⇤)
and (K + D⇤) reactions in a tight timing coincidence setup for the FPF + ATLAS configuration, and
for

p
s = 14 TeV. NNFF1.0 and MAPFF1.0 collinear FFs are employed in the description of pion emissions,

whereas only the NNFF1.0 set is used to depict kaon detections. The envelope of main results is built in
term of a replica-driven study on light-hadron collinear FFs. Ancillary panels below primary plots show the
reduced �Y -distribution, namely the envelope of replicas’ predictions divided by their mean value.

• New observables/
correlations then come into 
play. Useful extra handle 
on BFKL effects.
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FIG. 26. Left: A cross section for a forward-central hadroproduction process leading to two hadrons
with large rapidity separation in the hybrid formalism. Right: Predictions of the hybrid formalism for the
normalized distribution of the azimuthal angle ' = '1 � '2 � ⇡ in the forward-central production process
pp ! D

⇤(y1) + D
⇤(y2) + X with y1 = 6.5, y2 = 2, and pT,1, pT,2 > 10 GeV, as testable by the FPF +

ATLAS detectors in a tight timing coincidence setup. The constraints on time coincidence might be made
less severe by increasing the pT cuts. The predictions are based on the resummation of BFKL logarithms

in the LLA and NLA. Uncertainty bands refer to the µR = µF = µ0 =
q

p
2
T,1 + m

2
1 +

q
p
2
T,2 + m

2
2 scale

variation in the interval [1/2, 2]µ0.

Requiring coincidence with ATLAS may allow identification of states with large invariant masses,
whose decay products are not entirely captured by the FPF, but fall partly into the FPF’s and
partly into ATLAS’s coverage areas. Additionally, combining the data on single-inclusive forward
emissions at ATLAS and at the FPF will allow one to investigate in which rapidities and kinematic
configurations the aforementioned hybrid formalism provides a better physics description than the
standard collinear formalism for single-inclusive particle production and in which ones, instead, it
does not, with the long-term aim of filling the gap between the two descriptions.

Probed production channels of the second class feature two identified final-state objects emitted
in hard scattering and separated by a rapidity interval �y larger than about 2. These processes are
predicted within the hybrid formalism using two partonic impact factors, convoluted with the BFKL
gluon Green’s function that embodies the resummation of energy logarithms in the t-channel. The
result is then convoluted with initial-state collinear PDFs and, in the case of hadron production
and identification, final-state collinear FFs (see Fig. 26, left panel).

Here, we expect to see a stabilization of the BFKL series with respect to scale variations upon
inclusion of subleading logarithms, as was already observed when comparing NLL calculations
with the LL ones in CMS configurations for Higgs-plus-jet [314], heavy-light dijet [315], and ⇤c

baryon [316] emissions. The ATLAS-FPF coincidence observations would allow one to explore
large rapidity intervals, e.g., �y ⇠ 5, with the most forward of the two emitted objects detected by
the FPF, and the most central one by ATLAS. We call these channels forward-central production
channels. We expect the BFKL e↵ects to be enhanced with increasing �y. In this setup, we can
even study production channels where the most centrally detected object is a jet. Jets in fact are
not visible at the FPF, but can easily be reconstructed in ATLAS. An example is shown in the right
panel of Fig. 26, where a pp collision produces two D

⇤ mesons at pT values large enough to ensure the
dominance of perturbative e↵ects in the production process, with a �y value that can be explored
in the FPF + ATLAS coincidence setup. The panel shows a comparison between predictions in
the LL approximation (LLA) and NLL approximation (NLA). The fact that the NLA predicts a

• Additional possibility of forward-central events: central particle tagged in 
ATLAS and forward particle at FPF. Requires precise timing.



Forward production & MCs
• FPF neutrino flux not just produced by forward charm production (i.e. 

pQCD theory), but range of light hadrons.

• Naturally links to general purpose MCs at LHC, and their (non-
perturbative) modelling of such production.

• SHERPA, HERWIG & PYTHIA: primary use is for central LHC 
production. Modelling less constrained/certain in the forward region.

Understanding of this region key to FPF physics, and 
FPF data can help to constrain this.
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neutron and pion production rates in ⌘ and pT bins respectively, here we show a few representative
analyses in the first 2 rows. The most forward measurements from LHCf, (first column, first 2
rows) are most relevant for forward physics facility measurements and show a good fit. For the less
forward neutron spectra (⌘ < 9.22), our tune indicates an over production of neutrons, although
the default tune does not perform much better, but we aim to have a good fit for these analyses.
The less forward pion spectra (pT > 0.2 GeV/c), however, show a good fit as compared to the
default tune. The third row compares each tune against a few representative measurements from
the more central CASTOR, TOTEM, and ATLAS analyses. These plots show that our tuning
procedure minimally a↵ects these predictions, which is expected as we focus on parameters which
a↵ect the most forward predictions.
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FIG. 14. Comparing the default Monash tune (red line) with our modified tune (blue line) against ex-
perimental data (black data points). The first 2 rows are measurements of the neutron and pion spectra
respectively, with the left column being the most forward measurements. The third row from left to right is
measurements from the CASTOR, TOTEM, and ATLAS collaborations. For each analysis, information on
the process can be found at the top of each panel.
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neutron and pion production rates in ⌘ and pT bins respectively, here we show a few representative
analyses in the first 2 rows. The most forward measurements from LHCf, (first column, first 2
rows) are most relevant for forward physics facility measurements and show a good fit. For the less
forward neutron spectra (⌘ < 9.22), our tune indicates an over production of neutrons, although
the default tune does not perform much better, but we aim to have a good fit for these analyses.
The less forward pion spectra (pT > 0.2 GeV/c), however, show a good fit as compared to the
default tune. The third row compares each tune against a few representative measurements from
the more central CASTOR, TOTEM, and ATLAS analyses. These plots show that our tuning
procedure minimally a↵ects these predictions, which is expected as we focus on parameters which
a↵ect the most forward predictions.
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FIG. 14. Comparing the default Monash tune (red line) with our modified tune (blue line) against ex-
perimental data (black data points). The first 2 rows are measurements of the neutron and pion spectra
respectively, with the left column being the most forward measurements. The third row from left to right is
measurements from the CASTOR, TOTEM, and ATLAS collaborations. For each analysis, information on
the process can be found at the top of each panel.
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neutron and pion production rates in ⌘ and pT bins respectively, here we show a few representative
analyses in the first 2 rows. The most forward measurements from LHCf, (first column, first 2
rows) are most relevant for forward physics facility measurements and show a good fit. For the less
forward neutron spectra (⌘ < 9.22), our tune indicates an over production of neutrons, although
the default tune does not perform much better, but we aim to have a good fit for these analyses.
The less forward pion spectra (pT > 0.2 GeV/c), however, show a good fit as compared to the
default tune. The third row compares each tune against a few representative measurements from
the more central CASTOR, TOTEM, and ATLAS analyses. These plots show that our tuning
procedure minimally a↵ects these predictions, which is expected as we focus on parameters which
a↵ect the most forward predictions.
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FIG. 14. Comparing the default Monash tune (red line) with our modified tune (blue line) against ex-
perimental data (black data points). The first 2 rows are measurements of the neutron and pion spectra
respectively, with the left column being the most forward measurements. The third row from left to right is
measurements from the CASTOR, TOTEM, and ATLAS collaborations. For each analysis, information on
the process can be found at the top of each panel.

Above: preliminary PYTHIA tune to forward LHC data.
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FIG. 21. Left: Production of a forward neutrino at the ATLAS IP, and its detection via CC DIS on a
tungsten target in the FPF. Right: The Feynman graph shown in dark blue represents a typical radiative
contribution included in the collinear factorization framework at central rapidities. In far-forward pp ! cc̄

production, additional enhanced corrections from higher orders of ↵s are expected, such as those obtained
by including the partonic interactions and emissions indicated in grey color, as discussed in the main text.

VI. QCD

Quantum Chromodynamics (QCD) is unanimously accepted as the theory of the strong interac-
tions. Yet, there are kinematic regimes in which QCD has not been stringently tested. The FPF
o↵ers a number of unique opportunities for testing and studying QCD in some of these regimes, as
can be inferred from the fact that predictions for fluxes and cross sections at the FPF introduce
unique challenges for QCD theory. We expect that the neutrinos reaching the FPF will be mostly
emitted in the decays of various hadrons produced in collisions at the LHC ATLAS IP. In particular,
as explained in Sec. V, muon neutrinos will be produced mostly in the decays of light mesons and,
to a lesser extent, the light baryons. Tau neutrinos will be produced by decays of heavy-flavored
hadrons, especially D

±
s mesons. Electron neutrinos will be produced in decays of both light and

heavy-flavored hadrons, with the latter dominating at the largest neutrino energies.

Therefore, the FPF, with its capability of distinguishing neutrinos and antineutrinos of di↵erent
flavors, will provide versatile experimental data on both light- and heavy-flavor production. Inter-
pretation of these data will require diverse theoretical approaches. When describing heavy-meson
production, charm and bottom quark masses above 1 GeV allow one to apply perturbative QCD
(pQCD) methods down to pT = 0. However, the smallness of the c and b masses compared to the
other physical scales, notably the LHC center-of-mass energy

p
s, introduces typical pQCD chal-

lenges associated with so-called multi-scale processes. Additionally, non-perturbative QCD e↵ects
are expected to be enhanced in forward heavy-flavor production. On the other hand, low-pT light-
flavor production is dominated by non-perturbative QCD e↵ects and multiple parton interactions,
compensating for the long-distance pQCD divergences in hard-scattering contributions. Produc-
tion of all these hadrons can be described either by dedicated calculations, with di↵erent levels of
accuracy and approximations employed, or by general-purpose event generators.

As we discuss in the following, QCD opportunities can be enhanced by covering a wide rapidity
range either by placing the FPF detectors at di↵erent radial distances from the beam collision axis
or by making the FPF detectors work in coincidence with the ATLAS detector. Deployment of
diverse detection techniques, with several detectors having partial overlap in their rapidity ranges,
will allow one to cross-check the consistency and robustness of independent measurements. The
use of a range of nuclear targets with mass numbers varying in a wide range will fundamentally
enhance the FPF potential for constraining nuclear PDFs.

★ What is the flavour structure of the proton and nucleons?
★ What is the size of the intrinsic charm content of the proton?
★ How well do we understand the low    QCD regime?
★ How well can we model forward particles production in our 
general purpose MCs?

• FPF can provide insight into important and unresolved questions of QCD:

• Have summarised some key points here, but not exhaustive: more contained 
in white paper!
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