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✦ Deep inelastic lepton/neutrino scatterings on fixed-target reveal the internal structure of nucleons, 
consisting of quarks and gluons (QPM), and lead to the establishment of QCD

 

Inelastic e-p scattering

lab frame - proton at rest before collision:                lorentz invariant form
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ν = E1 − E3 (1)

I. HIGGS pT RESUMMATION IN CSS/CATANI-FLORIAN-GRAZZINI FRAMEWORK

The master ressummation formula as expressed in b space is
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with HH
g be a process-dependent perturbative coefficient function, and Cga, Gga are process-independent. The

universal Sudakov form factor can be written as
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only for gluon fusion processes. It was defined that A(1) leads to the ressummation of LL, {A(2), B(1), C(1)} give the
NLL terms, {A(3), B(2), C(2)} for the NNLL terms, and similar {A(4), B(3), C(3)} for the N3LL terms. The QCD β

functions as well as DGLAP splitting kernals corespondingly should be evaluated at sufficient orders. Also HH,(2)
g is

needed for a NNLL resummation.
A(1,2,3)

c , B1,2
c are explicitly konown. HH,(2)

g as well as C(2)
ga , and G(1)

ga that needed for a NNLL resummation are
given by Catani et al. using the matching to NNLO cross sections at small pT .

Naively the missing ingredients for a N3LL resummation would be A(4), B(3), as well as C(3)
ga and G(2)

ga .
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Measuring the Structure Functions

Prof. M.A. Thomson Michaelmas 2011 186

!To determine     and    for a given and       need 
measurements of the differential cross section at several different
scattering angles and incoming electron beam energies (see Q13
on examples sheet)
Example: electron-proton scattering F2 vs. Q2 at fixed x

J.T.Friedm
an + H

.W
.K

endall,
A

nn. R
ev. N

ucl. S
ci. 22 (1972) 203

" Experimentally it is observed that both      and        are (almost) 
independent of

Bjorken Scaling and the Callan-Gross Relation

Prof. M.A. Thomson Michaelmas 2011 187

!The near (see later) independence of the structure functions on Q2 is
known as Bjorken Scaling, i.e.

•It is strongly suggestive of scattering from point-like constituents
within the proton

!It is also observed that        and
are not independent but satisfy the 
Callan-Gross relation

•As we shall soon see this is exactly what is
expected for scattering from spin-half quarks.

•Note if quarks were spin zero particles we would 
expect the purely magnetic structure function to 
be zero, i.e.

spin ½

spin 0

Bjorken scaling and QPMDIS kinematics

 Prof. M.A. Thomson Michaelmas 2011 346 

��Neutrino experiments require large detectors (often iron) i.e. isoscalar target 

��For electron – nucleon scattering: 

 �For an isoscalar target 

 �Note that the factor                                   and by comparing neutrino to  

   electron scattering structure functions measure the sum of quark charges   

Experiment:    0.29 ±± 0.02 

 Prof. M.A. Thomson Michaelmas 2011 347 

Measurements of F2(x) and F3(x) 
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 �CDHS Experiment  

�� Difference in neutrino structure  

     functions measures anti-quark 

     (sea) parton distribution functions 

Sea contribution goes to zero 
Sea dominates so expect xF3  

to go to zero as q(x) = q(x) 

QED DIS 

quark number sum 
rules

 Prof. M.A. Thomson Michaelmas 2011 348 

Valence Contribution 

��Separate parton density functions into sea and valence components  

�� Area under measured function                   gives a measurement of the total 

     number of valence quarks in a nucleon ! 

expect “Gross – Llewellyn-Smith sum rule” 

Experiment: 3.0±0.2 

 �Note:                                                                                          and anti-neutrino  

  structure functions contain same pdf information 
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∧σ ≈ σ ⊗ PDF
QCD factorisation: hadronic cross section is a convolution of the 
PDFs and perturbatively calculable hard-scattering coefficients:

same PDFs can be used to predict pp 
collisions

LHC

TEVATRON
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Fixed 
target

DGLAP

scale M2 ⇔ Q2

γ/Z, W±
Q2

x
PDF

e±, νe

σ
E1

E2

x1

x2

PDF

PDF

Deep Inelastic Scattering (DIS): 
strongest constraints on PDFs so far

PDFs at LHC will be probed/constrained 
in a different kinematic region: PDFs precision will be improved

DIS structure functions
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hadron-hadron collision

2

F2(x,Q
2) =

∑
i=q,q̄,g

∫ 1

0

dξCi
2(x/ξ, Q

2/µ2
r, µf

2/µ2
r,αs(µ

2
r))

×fi/h(ξ, µf ) (4)

σ = σ̂ ⊗ f1 ⊗ f2 (5)

In the meta PDF or the original Hessian PDF frameworks, there exist adidtional freedoms which we
can apply additional orthogonal rotations for the eigenvector basis, which will not change the final physical results,
including the total PDF uncertainties or PDF induced correlations, for the idea linear case. In the following example,
we illustrate how to use the rediagonalization technic to simplify the analysis of theoretical predictions for the Higgs
boson production. To be specific we use the rediagonalization to fix the first two eigenvectors on the plane spanned
by the two gradients of the inclusive cross sections of the Higgs boson production through gluon fusion at the LHC 8
and 14 TeV.
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FIG. 2: Comparison of the meta PDF before and after rediagnalization at Q = 8 GeV. PDF errors are shown for 90% C.L..

Figs. 2-5 show the comparison of the meta PDF before and after the rediagonalization for Q = 8 and 85GeV.
The shown 90% C.L. PDF error bands are almost unchanged after the rediagonalization. Thus the original and
rediagonalizded meta PDF are statistically equivalent as we expect for the idea linear case.
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Figs. 2-5 show the comparison of the meta PDF before and after the rediagonalization for Q = 8 and 85GeV.
The shown 90% C.L. PDF error bands are almost unchanged after the rediagonalization. Thus the original and
rediagonalizded meta PDF are statistically equivalent as we expect for the idea linear case.

[Collins, Soper, Sterman, 1989]

QCD collinear factorization
✦ QCD collinear factorization ensures universal separation of long-distance and short-distance 

contributions in high energy scatterings involving initial/final state hadrons, and enables predictions on 
DIS cross sections

❖ coefficient functions, represent hard scattering; infrared 
(IR) safe, calculable in perturbative QCD, independent of 
the hadron 

❖ parton distributions (PDFs), reveal inner structure of 
hadrons; non-perturbative (NP) origin, universality, e.g. 
DIS vs. pp collisions 

❖ runnings of PDFs with respect to factorization scale μf  

are governed by the DGLAP equation   

7

substitute the longitudinal structure function

FL = F2(1 + 4x2m2
N

/Q2) � 2xF1, (4)

and obtain
d2�⌫(⌫̄)

dxdQ2
=

G2
F

4⇡x(1 + Q2/M2
W,Z

)2
⇥
Y+F2 � y2FL ± Y�xF3

⇤
, (5)

where Y± = 1 ± (1 � y)2. At the leading order (LO), the neutrino CC structure functions

can be written as
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where the index i(j) runs over all the light d(u)-type quarks. Similarly, the LO neutral-

current structure functions are
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where (ai) vi are the NC (axial) vector couplings for the quark qi and i runs over all quarks

in the nf flavor number scheme. At the LO, the longitudinal structure functions are zeros,

F i

L
= 0. In perturbative QCD, the structure functions in Eqs. (6) and (7) as well as F i

L

receive higher-order corrections, which is one main focus of this work.

In the isospin symmetric limit, the isoscalar u(ū) and d(d̄) PDFs can be constructed in

terms of the proton PDFs as

fu/I = fd/I = (fu/p + fd/p)/2, fū/I = fd̄/I = (fū/p + fd̄/p)/2, (8)

while other flavors are kept the same. Keep in mind the positive (negative) sign for neu-

trino (antineutrino) cross sections in Eq. (5). Together with the LO structure functions

in Eqs. (6-7), we can see that the neutrino-isoscalar scattering cross sections are generally

larger than the antineutrino ones, both for the CC and NC cases. In Sec. III A, we present

the final, absolute isoscalar cross sections in Fig. 13 with related discussion; we note that

the (anti)neutrino cross sections di↵er at the lower energies of the plotted range.

We point out that Eq. (5) above additionally assumes the high-energy (massless) limit,

corresponding to mN =0, as is reasonable for (U)HE neutrino scattering. In the numerical

calculations presented below, however, we implement the full expression in Eq. (3), though
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terms of the proton PDFs as

fu/I = fd/I = (fu/p + fd/p)/2, fū/I = fd̄/I = (fū/p + fd̄/p)/2, (8)
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Global analysis of PDFs

5

✦ PDFs are usually extracted from global analysis on variety of data, e.g., DIS, Drell-Yan, jets and top quark 
productions at fixed-target and collider experiments, with increasing weight from LHC

Ringailė Plačakytė

2
QCD Tools for the LHC: from 8 to 14 TeV, 14-15 Nov, 2013 

Introduction 

2

∧σ ≈ σ ⊗ PDF
QCD factorisation: hadronic cross section is a convolution of the 
PDFs and perturbatively calculable hard-scattering coefficients:

same PDFs can be used to predict pp 
collisions
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Deep Inelastic Scattering (DIS): 
strongest constraints on PDFs so far

PDFs at LHC will be probed/constrained 
in a different kinematic region: PDFs precision will be improved

parameter variations
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EW parameters

New Physics
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QCD/EW corrections

❖ diversity of the analysed data are important to ensure flavor separation and to avoid theoretical/experimental bias; 
possible extensions to include EW parameters and possible new physics for a self-consistent determination  

❖ alternative approach from lattice QCD simulations, for various PDF moments or PDFs directly calculated in x-space 
with large momentum effective theory or pseudo-PDFs
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✦ In probing partonic structure of nucleons, neutrino CC DIS are complementary to the neutral current DIS 
for separations of quark and anti-quarks and also quark flavors, especially strange quark PDF

Impact of neutrino DIS data

representative neutrino DIS data
63
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FIG. 45: Comparison of s PDF at Q = 100 GeV for various fits. See the main text for its detail.

do not include EW corrections when fitting these data, but such corrections will likely be required to describe future
measurements at higher pT .

The EW corrections to the inclusive W+, W� and Z/�⇤ production data have been investigated in Ref. [38] using
the MCSANC framework [179]. For W+ and W� production, the EW corrections were found to be �0.4% and �0.3%,
respectively. In the Z-peak region (66 < M

`¯̀
< 116 GeV) for neutral-current (NC) Drell-Yan (DY) with central

(forward) selections7, the EW corrections are about �0.3(�0.4)%, with only a weak kinematical dependence on the
observables M

`¯̀
and y

`¯̀
. We estimate that photon-induced dilepton production (�� ! l+l�) contributes to Z-peak

NC DY by less than 0.1%. For the low-mass (46<M
`¯̀
<66 GeV) region, the EW corrections are +6% independent

of rapidity selection criteria, and, for high-mass (116 < M
`¯̀

< 150 GeV) NC DY production, the EW corrections
are -0.5%(-1.2%) for the central (forward) selection, with a very weak dependence on the ⌘l and y

`¯̀
bins. The PI

contributions are 1.5% for both M
`¯̀

bins. Given the small impact of the low- and high-mass DY data on the PDF
fits, we decided not to include the low- and high-mass and forward Z-peak DY data in the CT18A(Z) fits. For the
Z-peak and W± data, the EW corrections are included in the multiplicative K-factors, while the PI contribution is
ignored. Finally, we note that, as discussed in Sec. 6.1.2 of Ref. [38], the background from the PI dilepton production
has been subtracted from the ATLAS 7 TeV W,Z data.

We also did not include the ATLAS 8 TeV very high-mass (116<M
`¯̀
< 1500 GeV) Drell-Yan data [180] in our

CT18(Z) fitting, due to non-negligible EW corrections and PI contributions. We find that, for very high invariant
masses (M

`¯̀
⇠1 TeV), the PI contribution can be as large as 5% as computed with LUXqed17 plus PDF4LHC15 [8]. In

comparison, the EW corrections can be calculated using the FEWZ program as shown in Fig. 46, and are approximately
-3% in this case. The partial cancellation of the PI contribution and EW correction yields an increase in the cross
section by less than 2%. With the ePump program, we have also checked that the impact of these data on the CT18
fits is very small.

The only Z pT distribution included in the CT18(Z) fits comes from the ATLAS 8 TeV measurements. We have
dropped the high-pT data by imposing a kinematic cut of pZ

T
<150 GeV because the missing EW corrections to the

high-pT data are significant. In general, we note that these corrections are negative. In terms of Refs. [133, 134],
the NLO EW corrections can be as large as several tens-of-percent when pZ

T
� MZ , due to electroweak Sudakov

logarithms. In the fitted region of pZ
T
, between 45 GeV and 150 GeV, the EW corrections are found to reduce the

cross sections by several percent, thereby pulling the theory predictions further away from the ATLAS 8 TeV data.

7 The central selection requires both leptons in the central region, |⌘l| < 2.5, while the forward one requires one central and one forward
(2.5 < |⌘l| < 4.9) leptons.
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TABLE II. New neutrino data sets used in this analysis.

Data set Nucleus E⌫/⌫̄(GeV) #pts Corr.sys. Ref.

CDHSW ⌫ Fe 23 - 188 465 No [48]
CDHSW ⌫̄ 464
CCFR ⌫ Fe 35 - 340 1109 No [50]
CCFR ⌫̄ 1098
NuTeV ⌫ Fe 35 - 340 1170 Yes [23]
NuTeV ⌫̄ 966
Chorus ⌫ Pb 25 - 170 412 Yes [27]
Chorus ⌫̄ 412
CCFR dimuon ⌫ Fe 110 - 333 40 No [19]
CCFR dimuon ⌫̄ 87 - 266 38
NuTeV dimuon ⌫ Fe 90 - 245 38 No [19]
NuTeV dimuon ⌫̄ 79 - 222 34

measurements extend over different kinematic regions or
include correlated systematic uncertainties. However,
we show the results of a simplified comparison of the
measurements of inclusive (anti-)neutrino DIS double-
differential cross-sections in Tab. III. We choose an
incoming neutrino energy E⌫ ⇠ 85 GeV which is common
and typical for each of the experiments and average
over the uncertainties (statistical and systematical
errors are added in quadrature) for the corresponding
data at the given neutrino beam energy. Due to the
oversimplifications contained in this comparison we
cannot draw very detailed conclusions but we clearly
see a general trend. The neutrino data are much more
precise than their anti-neutrino counterparts. This
conclusion is true also for the remaining data not
considered in Tab. III. For neutrino data, we see that
at this energy NuTeV and CCFR data are the most
precise, followed by the data from Chorus and CDHSW.
For anti-neutrino data, the order is somewhat different:
NuTeV and CDHSW are comparable in precision,
followed by CCFR and Chorus. This conclusion has to
be taken with a grain of salt. The averaging procedure
and most importantly discarding the correlations might
change this simple picture. We will perform much more
detailed studies in the following.

B. Nuclear corrections from neutrino cross-section
data

Before we perform a global analysis including the
neutrino data in our nPDF framework, it is instructive to
attempt to quantify a nuclear correction factor extracted
purely from these data alone. Given that the neutrino
double-differential cross-section data are reported as a
function of the usual DIS variables x, y, and E⌫ , while
the nuclear ratio is typically given only as a function of

TABLE III. Relative experimental uncertainties (in percent)
of various data sets at E⌫ ⇠ 85 GeV where all the data sets
overlap.

Experiment #pts Relative Error(%)

CDHSW ⌫ 59 8.36
CDHSW ⌫̄ 59 10.75
CCFR ⌫ 54 6.01
CCFR ⌫̄ 54 16.90
NuTeV ⌫ 55 5.88
NuTeV ⌫̄ 54 10.29
Chorus ⌫ 65 7.70
Chorus ⌫̄ 65 18.32

x assuming the variation with changing Q
2 is small, an

averaging procedure is necessary. We define the nuclear
ratio of the cross-section and its uncertainty for each data
point as

R
�
i (x) =

�(x, yi, Ei)
�free(x, yi, Ei)

, (6)

�R
�
i (x) =

��(x, yi, Ei)
�free(x, yi, Ei)

, (7)

where �free is the predicted differential cross section using
“free” iron or lead PDFs, fA,free

i , defined by

f
A,free
i =

Z

A
f
p
i +

A� Z

A
f
n
i . (8)

Here, f
p(n)
i are the free proton (neutron) PDFs, which

in our case are taken from our proton baseline. The
quantity ��(x, yi, Ei) is the total sum of statistical and
systematic uncertainties for the data points added in
quadrature, except for the normalization uncertainty. We
construct a weighted average of the nuclear ratios, such
that for a given x the weighted-average ratio and its
uncertainty are:

R(x) =
X

i

wiR
�
i , (9)

�R(x) =

 
X

i

w
2
i (�R

�
i )

2

!1/2

. (10)

The weight wi is defined as

wi =

0

@
X

j

1

(�R
�
j )

2

1

A
�1

1

(�R
�
i )

2 , (11)

where the sum runs over data points with the same x.
This averaging procedure is similar to the one used in
Ref. [29], although there are differences in the definition
of the weight wi and of the uncertainty �R(x). In such a
procedure the dependence on the remaining variables is
averaged out. This of course is only reasonable if there
is just a mild dependence of the nuclear correction factor
on the remaining variables. We have checked that this
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FIG. 17. The full iron PDFs at Q
2 = 4 GeV2. All uncertainty bands are computed using the Hessian method with ��

2 = 45.

FIG. 18. The fitted iron PDF ratio to nCTEQ15WZSIHdeut. All uncertainty bands are obtained using the Hessian method
with ��

2 = 45.

contributions still come from the Ca/D and C/D data
from the NMC collaboration (SE=3.91 and SE=2.45
respectively). Therefore, we conclude that the use of
correlated systematic errors for the NuTeV data has no
effect on the compatibility of the neutrino data with the
rest of the scattering data and neglecting the correlations
does not reduce the tensions, even though the neutrino
data seem to be described well overall.

VI. GLOBAL ANALYSIS WITH CHORUS AND
DI-MUON DATA

As we have shown in Sec. IV, the global analysis of all
available data where also all neutrino data are included
leads to large tensions. Furthermore, we have shown that
these cannot be sufficiently removed by introducing a
kinematic cut or by neglecting the correlations of the
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Figure 3.2. The kinematic coverage in the (x, Q2) plane of the neutrino scattering cross-section data listed in
Table 3.1. The region covered in grey is excluded from the fit from W 2

� 3.5 GeV2 cut required to isolate inelastic
scattering, while the one in light red is excluded from the Q  Qdat condition that defines Region I in Fig. 3.1.

Table 3.1 and Fig. 3.2 indicate that the NNSF⌫ fit is sensitive to inelastic neutrino structure functions
for momentum transfers down to Q ' 400 MeV, well in the non-perturbative region. The range of x covered
reaches xmin = 0.015, and as a consequence of the DIS kinematics the values of Q being probed increase
with x. Measurements in the non-perturbative region with Q

⇠
< 1 GeV are provided by several experiments

and cover momentum fractions up to x
⇠
< 0.3. The datasets with the largest number of points (CHORUS,

NuTeV, and CDHSW) present their measurements in terms of the double di↵erential cross section d2�/dxdy,
while BEBCWA59, CCFR, and CHARM only provide data for separate structure functions F2 and xF3.

Concerning nuclear e↵ects, Table 3.1 shows that available data have sensitivity to neutrino scattering
on Ne (A = 20), Fe (A = 56), and Pb (A = 208) targets. For CaCO3, the target used in the CHARM
experiment, we assume A = 20 as the average atomic mass number of the nuclei that form this compound.
Neutrino structure function measurements are not available on hydrogen or deuteron targets, and hence
in Region I the low-A behaviour is extrapolated from the measurements with A � 20. The inter- and
extrapolation to A values not included in the fit is provided by the smoothness of the neural network
output, as we validate in Sect. 4.

For momentum transfers Q > Qdat (Regions II and III) the dependence with the atomic mass number
A of NNSF⌫ follows that provided by nNNPDF3.0, and is hence constrained by other types of processes
beyond neutrino DIS, such as charged-lepton fixed-target nuclear DIS and weak boson, dijet, and D-meson
production cross sections in proton-lead collisions at the LHC.

3.3 Structure function parametrisation

The NNSF⌫ parametrisation of neutrino structure functions in Regions I and II is obtained by training
a machine learning model to experimental data and to the QCD predictions, respectively. It follows the
NNPDF fitting methodology based on the combination of neural networks as universal unbiased interpolator
with the Monte Carlo replica method for error estimate and propagation. This methodology was originally
developed for DIS neutral-current structure functions [62,63] and subsequently extended to proton PDFs [54,
56,59–61,84], helicity PDFs [85,86], nuclear PDFs [65,72,87], and fragmentation functions [88, 89].

Here we apply for the first time the NNPDF approach to i) the determination of neutrino (charged-

15

nCTEQ nuclear PDF fit

Inclusive and dimuon  
data on PDFs of Pb

CT18 proton PDF fit

dimuon data on 
strange PDFs

W>3.5 GeV, Q>2 GeV

[2204.13157]

[Hou, JG+, 1912.10053]
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✦ In semi-inclusive CC DIS, charm-quark production with subsequent leptonic decays (so-called dimuon 
events) can serve as a direct probe of the strange-quark parton distribution, e.g., as from NuTeV, CCFR, 
and NOMAD; especially the NOMAD dimuon data have a high quality     

Charm quark production in CC DIS

Differential cross sectionsDimuon production from SIDIS

❖ Finite charm-quark mass corrections are important 
for kinematic region of neutrino DIS (Eν ≲ 
hundreds GeV), known at LO via the slow scaling 
variable χ~ xB(1+mh2/Q2)   

❖ Charm-quark production has been calculated to 
NLO in QCD by T. Gottschalk (1981) and M. 
Gluck+(1997) in a closed analytic form 

❖ No one bother to calculate the NNLO corrections 
for more than 30 years since the first NLO result

charm dimuon production in neutrino charged current interactions. In Sec-
tion 3 we describe the neutrino beam and the NOMAD detector used for our
measurement. Section 4 explains our event selection and the corresponding
cuts. In Section 5 and Section 6 we describe the analysis scheme used for
our precision measurement and the unfolding procedure needed to extract
the final cross-sections, respectively. We present our final NOMAD results in
Section 7 and provide a detailed discussion of systematic uncertainties in Sec-
tion 8. Section 9 discusses the extraction of charm production parameters and
of the strange quark sea content of the nucleon from NOMAD data. Finally,
Section 10 gives a summary of the main results achieved.

2 Charm dimuon production in neutrino interactions

The differential cross section for charm quark production in CC neutrino DIS
off nucleon or nuclear target can be written as:

dσν
c

dxdy
=

G2
FME

π(1 +Q2/M2
W )2

[(

1− y −
Mxy

2E

)

F ν
2,c(x,Q

2)+

+
y2

2
F ν
T,c(x,Q

2) + y
(

1−
y

2

)

xF ν
3,c(x,Q

2)

]

, (1)

where x, y, and Q2 are common DIS variables, E is the neutrino energy,
GF is the Fermi constant, M and MW are the nucleon and W -boson masses,
respectively, and F ν

2,T,3 are the corresponding structure functions (SFs). For
an isoscalar target, assuming the usual isospin relations between the proton
and neutron quark distributions, we have in the LO QCD approximation 7 :

F νN
2,c (x,Q

2) = 2ξ

[

|Vcs|2 s(ξ, Q2) + |Vcd|2
u(ξ, Q2) + d(ξ, Q2)

2

]

,

F νN
T,c = xF νN

3,c =
x

ξ
F νN
2,c , (2)

where u, d, s are the light quark distributions in the proton, ξ = x(1+m2
c/Q

2)
is the slow-rescaling variable appearing in the kinematics of 2 → 2 parton
scattering with one massive particle in the final state [10], and mc is the
charm quark mass. The values of the CKM matrix elements Vcs = 0.97334
and Vcd = 0.2256 [11] suggest that the strange quark contribution dominates

7 We give the Leading Order (LO) approximation for illustration purpose only. The
entire analysis described in this paper is performed in the Next to Leading Order
(NLO) or Next to Next to Leading Order (NNLO) approximation, including both
the cross-section calculation and the acceptance corrections.

5

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.

• Charm production in neutrino–induced DIS. This process is often referred to as dimuon production,
since the charm quark hadronizes into a D meson which then decays semi–leptonically, see Fig. 5.
Data has been taken by the CCFR and NuTeV [179, 180] and and CHORUS [181] collaborations
on the same nuclear targets as the corresponding inclusive measurements, and also by the NOMAD
collaboration [182].

For the DIS measurements from the HERA lepton–proton collider we have:

• The final measurements of the NC and CC di↵erential cross sections using electron and positron
projectiles from the combination of the Run I and Run II data–taking periods [34].

• The latest heavy flavour measurements from HERA include the combined NC cross sections of
charm production in DIS, e�c [183] and the H1 and ZEUS data on the bottom structure function
Fb

2(x,Q2) [184, 185].

This HERA legacy combination of DIS inclusive structure functions supersedes all previous inclusive
measurements from H1 and ZEUS, including the Run I combined dataset [124] as well as the separate mea-
surements by the two experiments from Run II [186–189]. The impact of replacing these individual datasets
by the final HERA combination of inclusive structure functions has been studied by di↵erent groups [190–
192], 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 [187, 193, 194] 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 [195, 196], and up to O
⇣
↵2

s

⌘
taking into account heavy quark mass e↵ects [197, 198], though

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

s

⌘
calculation of massive DIS

structure functions [199, 200], in particular of the terms that dominate in the Q2
� m2 limit. For charged
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i?2 TQQ` FMQrH2/;2 �#Qmi i?2 bi`�M;2@[m�`F S.6bX AM #Qi? /Bbi`B#miBQMb- KQbi Q7 i?2 /�i�
TQBMib �`2 +QMbBbi2Mi rBi? Qm` T`2/B+iBQMb ;Bp2M i?2 S.6 mM+2`i�BMiB2b- r?BH2 � bB;MB}+�Mi
/2pB�iBQM +�M #2 7QmM/ BM i?2 H�bi irQ TQBMib Q7 i?2 /Bbi`B#miBQM BM "DQ`F2M xX h?�i +�M #2
/m2 iQ i?2 KQ/2HBM; Q7 ?2�pv Mm+H2�` +Q``2+iBQMb mb2/ BM i?2 2tT2`BK2Mi�H �M�HvbBbX q2 rBHH
/Bb+�`/ i?Qb2 irQ /�i� TQBMib r?2M BM+Hm/BM; LPJ�. /�i� BM Qm` H�i2` ;HQ#�H }iX Ai Bb �HbQ
rQ`i? MQiBM; i?�i i?2 BM+HmbBQM Q7 LPJ�. /�i� iQ i?2 ;HQ#�H }i +�M- +2`i�BMHv- BKT`Qp2 i?2
+QMbBbi2M+v- #mi rBi? i?2 +Qbi Q7 HBiiH2 i2MbBQM rBi? i?2 Qi?2` /�i� b2ib (3j- 39)X JQbi Q7 i?2
/�i� HB2 �#Qp2 Qm` LGP T`2/B+iBQMbX :Bp2M i?Bb 7�+i- �M BM+`2�b2/ bi`�M;2 S.6 Bb 2tT2+i2/-
�M/ i?Bb BM+`2�b2 ;2ib H�`;2` /m2 iQ i?2 M2;�iBp2 +Q``2+iBQMb 7`QK LLGPX

U�V U#V

6B;m`2 R8, LGPU`2/ HBM2V �M/ LLGPUK�;2Mi� HBM2V T`2/B+iBQMb 7Q` `�iBQb Q7 /BKmQM iQ
**.Aa BM+HmbBp2 /Bz2`2MiB�H +`Qbb@b2+iBQMb rBi? `2bT2+i iQ M2mi`BMQ 2M2`;vU6B;X �V �M/ "DQ`F2M
xU6B;X #VX h?2 `2/ #�M/ `2T`2b2Mib i?2 >2bbB�M S.6 mM+2`i�BMiB2b Q7 i?2 LGP T`2/B+iBQMb �i
e3W *GX LPJ�. /�i� �`2 �HbQ b?QrM rBi? bi�iBbiB+�H mM+2`i�BMiv �M/ i?2 +QK#BM�iBQM Q7
#Qi? bi�iBbiB+�H �M/ bvbi2K�iB+ mM+2`i�BMiB2bX

�b K2MiBQM2/ 2�`HB2`- LPJ�. T`2b2Mib K2�bm`2K2Mib QM i?`22 /Bbi`B#miBQMbX Pm` bim/@
B2b BKTHv i?�i i?2 /Bbi`B#miBQM Qp2` "DQ`F2M x b?Qrb i?2 ;`2�i2bi b2MbBiBpBiv iQ i?2 bi`�M;2@
[m�`F S.6bX q2 +�M MQi bBKTHv +QK#BM2 �HH i?2b2 /Bbi`B#miBQMb 7`QK LPJ�. /m2 iQ i?2
H�+F Q7 Tm#HB+ bi�iBbiB+�H +Q``2H�iBQM #2ir22M i?2b2 /Bbi`B#miBQMbX >2M+2 BM i?2 7QHHQrBM;- QMHv

Ĝ kj Ĝ

[NOMAD,1308.4750]
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✦ The two-loop production cross sections with exact charm-quark mass dependence are calculated 
numerically with MC integrations and with a phase-space slicing (on beam thrust) method to render 
subtractions of infrared/collinear divergences 

✦

Production cross section at NNLO

Figure 4: QCD predictions at di↵erent orders with scale choices of µ0 and 2µ0 for a double

di↵erential reduced cross section in Bjorken x and inelasticity y for charm quark production

from neutrino scattering on iron target.

Since the charm quark production is usually measured at low to moderate momentum

transfers, the theoretical predictions can depend significantly on the choice of charm-quark

mass, in our case the pole mass. Note the determination of charm-quark pole mass has an

intrinsic uncertainty of 0.1 ⇠ 0.2 GeV due to the renormalon ambiguity. In Fig. 6 we show the

ratio of double di↵erential cross sections calculated when using a charm-quark pole mass of

1.5 GeV to 1.3 GeV, at LO, NLO, and NNLO, for charm anti-quark production. The results

for charm quark production are similar and not shown for simplicity. At LO the charm-

quark mass dependence can be calculated easily. The dominant part of that is known as slow

rescaling [71] due to the kinematic suppression, i.e., by replacing the momentum fraction in

evaluation of PDFs with ⇠ = x(1 + m2
c/Q2). That explains the trends we show in Fig. 6.

The cross sections with larger charm-quark mass are especially suppressed in small-x region

and for smaller neutrino energies where the Q2 is low. Shapes of the suppression factor with

respect to x are di↵erent for di↵erent values of y due to the sub-dominant dependence on

the mass from the hard matrix elements. The mass dependence is insensitive to higher order

corrections. The NLO predictions show a slightly weaker suppression comparing to LO ones

– 9 –

[RV] [RR][VV]

+ +

slicing 
variable

phase space slicing
(in heavy-quark vertex)

2

we employ phase-space slicing at NNLO [30], which is
a generalization of the qT -subtraction concept of Catani
and Grazzini [25]. Specifically, we use N-jettiness vari-
able of Stewart, Tackmann and Waalewijn [31] to divide
the final state at NNLO into resolved and unresolved re-
gions. Phase-space slicing based on this observable is also
dubbed the N-jettiness subtraction. For recent applica-
tions of N-jettiness subtraction, see Refs. [32, 33]. We
define

τ =
2 pX · pn
Q2 +m2

t

, pn =
(

n̄ · (pc − q)
)nµ

2
(1)

where mc denotes the charm quark mass, n = (1, 0, 0, 1)
specifies the direction of the incoming hadron in the cen-
ter of mass frame, and n̄ = (1, 0, 0,−1) denotes the op-
posite direction. Following Ref. [34], we call τ 0-jettiness
in this work. We refer to the region τ " 1 as unresolved,
while the region τ ∼ 1 as resolved. We discuss the calcu-
lation of cross section in these two regions separately.

In the unresolved region, pX · pn ∼ 0, i.e., pX con-
sists of either soft partons, or hard partons collinear to
incoming hadron, or both. Using the machinery of soft-
collinear effective theory (SCET) [35–38], one may show
that the cross section in this region obeys a factorization
theorem [39, 40]:

dσfact.

dτ
=

∫ 1

0

dz σ̂0(z)
∣

∣C(Q,mc, µ)
∣

∣

2
∫

dτn dτs (2)

× δ(τ − τn − τs)Bq(τn, z, µ)S(τs, n · v, µ)

where σ̂0(z) is the LO partonic cross section for the reac-
tion s(zpN)+ νµ(pνµ

) → c(pc)+µ−(pµ−). C(Q,mc, µ) =
1 + O(αs) is the hard Wilson coefficient obtained from
matching QCD to SCET. It encodes all the short distance
corrections to the reaction. Collinear radiation and soft
radiation are described by the beam Bq(τn, z, µ) and soft
functions S(τs, n ·v, µ). At LO they have the simple form

Bq(τn, z, µ) = δ(τn)fs/N (z, µ), S(τs, n · v, µ) = δ(τs)

where fs/N (z, µ) is the PDF.
The factorization formula Eq. (2) provides a simpli-

fied description of the cross section, fully differential in
the leptonic part and heavy quark part, and correct up
to power corrections in τ . The 0-jettiness parameter τ
controls the distance away from the strictly unresolved
region, τ = 0. In fixed order perturbation theory, dσ/dτ
diverges as αk

s ln
2k−1 τ/τ , as a result of incomplete can-

cellation of virtual and real contributions. The strength
of SCET approach to describing the unresolved region is
that each individual component in the factorization for-
mula Eq. (2) has its own operator definition and can be
computed separately.

All the ingredients needed in this Letter have been
computed through two loops for different purposes.
Specifically, the hard Wilson coefficient can be obtained

by crossing the corresponding hard Wilson coefficient
calculated for b → uW− decay [41–44]. The two-loop
soft function and beam function have been calculated in
Refs. [45, 46]. After substituting the two-loop expressions
for the individual components into Eq. (2), we obtain the
desired two-loop expansion of the cross section in the un-
resolved region [40].

In the resolved region, besides the beam jet, there is at
least one additional hard jet with large recoil against the
beam. While we don’t have a factorization formula in this
region, the soft and collinear singularities are relatively
simple. Owing to the presence of the hard recoil jet, there
is at most one parton which can become soft or collinear.
A singularity of this sort can be handled by the stan-
dard methods used at NLO. The relevant ingredients are
a) one-loop amplitudes for charm plus one jet production
which we take from [47] and cross check with GoSam [48],
b) the tree-level amplitudes for charm plus two jet pro-
duction [49], and c) NLO dipole subtraction terms [50]
for canceling infrared singularities between one-loop and
tree-level matrix elements.

After introducing an unphysical cutoff parameter δτ ,
we combine the contributions from the two phase space
regions,

σ =

∫ δτ

0

dσfact.

dτ
+

∫ τmax

δτ

dσ

dτ
+O(δτ ). (3)

Power corrections in δτ come from the use of factor-
ization formula in the unresolved region. In order to
suppress the power corrections, a small value of δτ
is required. On the other hand, the integrations in
both the unresolved and resolved regions produce large
logarithms of the form αk

s ln
2k δτ at NkLO. The integral

over τ can be done analytically in the unresolved region.
In the resolved region, the large logarithms of ln δτ result
from numerical integration near the singular boundary of
phase space, resulting in potential numerical instability.
A balance has to be reached between suppressing power
corrections in δτ and reducing numerical instability.

Numerical results. We first present our numerical re-
sults for the total cross section. We use CT14 NNLO
PDFs [51] with Nl = 3 active quark flavors and the as-
sociated strong coupling constant. We use a pole mass
mc = 1.4 GeV for the charm quark, and CKM matrix
elements |Vcs| = 0.975 and |Vcd| = 0.222 [52]. The renor-
malization scale is set to µ0 =

√

Q2 +m2
c unless other-

wise specified. In Fig. 1 we plot the NNLO corrections to
the reduced cross section [16] of charm-quark production
in DIS of neutrino on iron, as a function of the phase-
space cutoff parameter δτ .1

1 Throughout this paper we do not include higher-twist effects,

pX
p1

p⇤

pX

ps*pn

C

Slicing method

❖ unresolved region: factorization derived in soft-
collinear effective theory with all perturbative 
ingredients available at two-loops 

Corrections with CCFR data kinematics

[Berger, JG, Li, Liu, Zhu, 1601.05430; JG, 1710.04258]
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❖ factorization on heavy-quark contribution to DIS 
was proved by Collins and result in ACOT-like HQ 
schemes  

❖ the coefficient functions for CC DIS in simplified 
ACOT-χ, a GM-VFN, scheme have been calculated 
to NNLO with full mass dependence

power term of mc logarithms of mc

2

threshold. This is achieved by using mass-dependent
phase space for all HQ contributions, which works both
in DIS and hadroproduction [26]. We will outline the
SACOT-� theoretical framework for CC DIS and apply
it to several phenomenological studies.

W + FC

c

s

FE

s

W
_

c

FIG. 1: Representative CC DIS diagrams at N2LO for either
flavor creation (left) or excitation (right), with the latter being
e↵ectively proportional to the HQ PDF.

THE SACOT-� SCHEME

[* I dropped the subscript ”2” in F2, F2,l, F2,h, assum-
ing the section applies to all structure functions – PN
*]

We proceed by extending the previous realization
of the SACOT-� scheme [27] in neutral-current DIS
at N2LO to the analogous problem in the charge-
current sector, explicitly tracing the HQ mass depen-
dence through the various radiative contributions at
O(↵2

s). We will demonstrate the method on the exam-
ple of DIS structure functions F = F1, F2, F3, before
computing DIS reduced cross sections. Up to N2LO,
QCD factorization allows a structure function to be writ-
ten as a convolution of parton-level coe�cient functions,
Ci,j , and nonperturbative correlation functions �, i.e.,
the PDFs, as,

F (x,Q) =
X

i

X

j

{Ci,j ⌦ �j} (x,Q)

⌘ Fl(x,Q) + Fh(x,Q) , (1)

where ”⌦” denotes a convolution over the momentum
fraction z, and we do not show the electroweak cou-
plings, including the CKM matrix elements, for simplic-
ity. The equation sums over contributions from relevant
active parton flavors (j) in the initial state and parton
flavors (i) produced in the final state. In order to imple-
ment the proper HQ mass dependence, it is necessary to
decompose the convolution in the RHS of Eq. (1) accord-
ing to the topology and flavor structure of the Feynman
diagrams. In this work, we take the maximum number
of active quark flavors inside the nucleon to be Nf = 4,
together with gluon.

Each structure function F (x,Q) is a sum of Fl(x,Q)
and Fh(x,Q) defined as follows.

• Fl contains contributions in which only light quark
flavors (ql) are directly coupled to the W

± boson
via the Wqlq̄l vertex.

• Fh contains contributions involving Wqhq̄l or
Wqlq̄h vertices. Here, ql denotes the u, d and s

quarks, and qh the charm quark.

Contributions to Fl and Fh can be classified as either
flavor excitation (FE) or flavor creation (FC) depending
on whether the heavy quark appears in the initial state or
only the final and virtual states. In CC DIS, Fl receives
HQ contributions starting from N2LO, while there are
both FE and FC diagrams for Fh at LO. Two represen-
tative Feynman diagrams for Fh at N2LO are shown in
Fig. 1. The Wilson coe�cients Ci,j(z) can be expanded
in the QCD coupling as ⌘ ↵s(µ,Nf )/(4⇡) as

Ci,j(z) = C
(0)
i,j + asC

(1)
i,j + a

2
sC

(2)
i,j +O(a3s), (2)

with the LO coe�cients given by

C
(0)
l,l = �(1� z), C

(0)
h,h = �(1� �),

C
(0)
h,l = �(1� �), � ⌘ (1 +m

2
c/Q

2)z, (3)

where the last two correspond to FC and FE contribu-
tions, respectively. At [[CP]]!NLO, the next-to-leading
order (NLO) there are gluon contributions to Fl and Fh,

C
(1)
l,l = c

(1)
l,l (z), C

(1)
l,g = c

(1)
l,g (z), C

(1)
h,h = c

(1)
l,l (�),

C
(1)
h,l = H

(1)
l (z)� C

(0)
h,l ⌦A

(1)
ll ,

C
(1)
h,g = H

(1)
g (z)� C

(0)
h,l ⌦A

(1)
lg � C

(0)
h,h ⌦A

(1)
hg . (4)

Here the lowercase coe�cients c
(1)
ij (z) are given by their

ZM expressions [28, 29]. H
(1)
l(g) are the massive coe�-

cients for CC at NLO [30], and Aij are the correspond-
ing operator-matrix elements (OMEs) [31]. Note that, in
the FE contributions, z has been replaced by the scaling
variable � according to the SACOT-� convention.
There are several complications when extending to

N2LO. Firstly, as mentioned, there are now HQ contri-
butions to Fl,

C
(2)
l,g = c

(2)
l,g (z), C

(2)
l,h = c

(2)
l,h(�),

C
(2)
l,l = c

(2)
l,l (z) + C

(NS,2)
l,l (z), (5)

where the N2LO ZM coe�cient functions c(2)ij (z) are cal-

culated in Refs. [28, 29]. C(NS,2)
l,l denotes the non-singlet

[* please confirm ”non-singlet” – PN *] FC contribu-
tion after subtracting its massless counterpart, which has

been included in c
(2)
l,l (z), to avoid double-counting. The

expression for C
(NS,2)
l,l , with its full charm-quark mass

GM-VFNs at NNLO for inclusive CC DIS 
✦ General-mass(GM) VFN schemes are frameworks to predict full heavy-mass dependence, interpolating 

between FFNs and ZM-VFNs, have been widely used in PDF fits, e.g., ACOT-like, FONLL, RT schemes 

4

GeV. We require Q2
>2GeV2 and W

2
>4.9GeV2. Many

completed and upcoming fixed-target experiments have
E⌫ < 400 GeV. At very low E⌫ , the measured total
cross section receives important quasi-elastic scattering
and resonant production contributions [47] on the top of
the DIS component that we compute. We stress that,
even at a lower E⌫ , as in long-baseline experiments like
DUNE [3], the CC DIS contribution remains important,
accounting for more than 40% of the total event rate for
E⌫ ⇠ 10 GeV. As such, a few-percent correction to the
DIS subprocess can be consequential to the ultimate pre-
cision of flavor-oscillation searches. DUNE, for instance,
aims for percent-level precision in its neutrino oscillation
search program. At high neutrino energies above 100
GeV the CC DIS is far dominant. The higher values of
E⌫ considered here can be accessed at FASER⌫ [5] and
IceCube [48].

In Fig. 3, the world-average value of �CC/E⌫ , as re-
ported in PDG20 [1], was originally documented in [49]
by combining the CCFR90 [50], CCFRR [51], and
CDHSW [52] measurements with E⌫ between 30 to 200
GeV. This is displayed as the black dashed line. The
CCFR90 [50] measurements extract the total cross sec-
tions with an independent determination of the neutrino
flux. On the other hand, CCFR96 [49], like many other
neutrino scattering experiments, only measured the rela-
tive cross sections to cancel the neutrino flux uncertainty.
The reported absolute cross sections �CC/E⌫ , as a func-
tion of E⌫ , were obtained by matching onto the above-
mentioned world-average value.

Our theory predictions include the NLO EW correc-
tions, as originally calculated in Ref. [53], and the target
mass corrections following the prescription of [54]. For
a neutrino energy of 200 GeV, the corrections increase
the DIS cross section by about 2% and 1%, respectively.
Furthermore, we check the nuclear corrections which only
decrease the cross sections by less than half percent as-
suming Fe nucleus and using nCTEQ15 PDFs [55]. The
upper panel of Fig. 3 shows the GM theory predictions at
the LO, NLO, N2LO and N3LO0, as well as the ZM pre-
diction at N3LO. The QCD corrections reduce the LO
cross sections by about 6% for most neutrino energies.
The scale dependence indicated by the colored band is
strongly reduced upon including higher-order corrections.
The middle panel of Fig. 3 further compares theoretical
predictions obtained at various QCD orders by examin-
ing ratios to the GM N2LO cross section. The scale vari-
ation for GM N2LO and especially N3LO0 is negligible
at E⌫ > 100 GeV and 1-3% otherwise. One important
feature is that high-order QCD corrections somewhat re-
duce the DIS cross section and increase the apparent
di↵erence between the precise CCFR96 data and theory
predictions, assuming the overall normalization of data
determined as above. The agreement with the CCFR90
data is much better especially for E⌫ above ⇡100 GeV.
The ambiguity due to the absent mass terms grows up to

a few percent in the ZM and GM N3LO0 predictions for
the lowest E⌫ . This ambiguity is reduced in GM N2LO.
These di↵erences can be contrasted with the PDF uncer-
tainties in the range 1⇠2% in the lower panel of Fig. 3.
We also compared N2LO predictions using other PDF
sets, MMHT2014 [56] and NNPDF3.1 [57]. They agree
with CT14 within the PDF uncertainty.
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FIG. 3: Curved lines: the predicted CC DIS cross section in
the SACOT-� scheme at various orders versus neutrino en-
ergy E⌫ . Error bars and dashed horizontal line: CCFR mea-
surements and the world average of the neutrino-nucleus to-
tal cross section. Colored bands in the upper/middle (lower)
panel represent the scale variations (PDF uncertainty).

HERA/EIC kinematics

Inclusive CC DIS can be measured precisely at a fu-
ture EIC facility. At the lepton-hadron collider HERA
and the EIC, typical Q2 in CC DIS are above 100 GeV2

due to di�culties of reconstruction of the full hadronic
energy [58]. Figure 4 shows reduced cross sections and
ratios vs. x at Q

2 = 100GeV2 for e
�
p collisions with

a center-of-mass energy of 141 GeV. The comparison of
GM predictions at various ↵s orders, including their scale
variations, again demonstrates good perturbative conver-
gence. At such Q

2, GM N3LO0 is an excellent prediction,
as the charm mass terms are negligible. The GM N3LO0

scale dependence is within 0.5-1%, except at very large
x. By comparing the GM and ZM predictions, we find
that the full charm-quark mass e↵ects can still lead to
a correction of ⇡1%, depending on the x values. The
PDF uncertainties in the lower panel are generally about
2%. Such high theoretical accuracy is a step toward a
precision test of QCD in CC DIS at the EIC.

application to total cross sections of neutrino 
CC DIS on iso-scalar target 

❖ finite mass corrections are about 2% at low Ev 
comparing GM and ZM both at N2LO; scale 
variations are 1~3% for GM N2LO, and <1% for 
N3LO’ at large Ev

[JG, Hobbs, Nadolsky, Sun, Yuan, 2107.00460]
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✦ 1. Introduction

✦ 2. NNLO calculations for Deep inelastic neutrino scatterings   

✦ 4. Summary

✦ 3. Predictions for ultra-high energy neutrino scatterings
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✦ Neutrino scattering cross sections on nucleus, both charged-current (CC) and neutral-current (CC) are key 
inputs for calculating absorption rate and detection efficiency of ultra-high energy neutrinos (e.g., 
IceCUBE) and are dominated by regions of deeply inelastic scatterings (DIS)

Predictions for ultra-high energy neutrinos

47
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FIG. 27. Comparison of the neutrino-electron and neutrino-isoscalar DIS scattering cross sections.
The neutrino-isoscalar cross section is directly taken from the CT18 predictions without nuclear
corrections.

E⌫ . 108 GeV(E⌫ & 108 GeV), as a result of the destructive (constructive) interference

between CC and NC interactions. The tau-neutrino cross sections behave more-or-less the

same as the muonic ones, with only a minor correction from the heavier tau mass whenever

a final-state tau lepton shows up.

Distinct from scattering o↵ nucleons, a new process emerges in the form of s-channel

Glashow resonance [107] production, depicted in Fig. 26 (right). The corresponding cross

section can be written as [108]

�W (s-ch) = 24⇡�2
W

B(W� ! e�⌫̄e)B(W� ! ff̄ 0)
s/M2

W

(s � M2
W

)2 + (MW�W )2
, (D1)

where B(W� ! ff̄ 0) is the corresponding decay branch fraction. Here, W bosons can

subsequently decay into leptons as well as hadronic final states. The resonance peak appears

at

s = 2meE⌫ = M2
W

=) E⌫ =
M2

W

2me

' 6.32 ⇥ 106 GeV. (D2)

In comparison with other resonance decay channels, the ⌫̄ee�
W (s-ch),Z������! ⌫̄ee� scattering also

involves the neutral-current interaction, via the t-channel Z-mediated diagram also shown in

  total cross sections vs. energy DIS x-Q2 coverage

222 in Eqs. (6) and (7) as well as Fi
L receive higher-order

223 corrections, which is one main focus of this work.
224 In the isospin symmetric limit, the isoscalar uðūÞ
225 and dðd̄Þ PDFs can be constructed in terms of the proton
226 PDFs as

fu=I ¼ fd=I ¼ ðfu=p þ fd=pÞ=2;
fū=I ¼ fd̄=I ¼ ðfū=p þ fd̄=pÞ=2; ð8Þ

227228 while other flavors are kept the same. Keep in mind
229 the positive (negative) sign for neutrino (antineutrino)
230 cross sections in Eq. (5). Together with the LO structure
231 functions in Eqs. (6) and (7), we can see that the neutrino-
232 isoscalar scattering cross sections are generally larger than
233 the antineutrino ones, both for the CC and NC cases. In
234 Sec. III A, we present the final, absolute isoscalar cross
235 sections in Fig. 13 with related discussion; we note that the
236 (anti)neutrino cross sections differ at the lower energies of
237 the plotted range.
238 We point out that Eq. (5) above additionally assumes the
239 high-energy (massless) limit, corresponding to mN ¼ 0, as
240 is reasonable for (U)HEneutrino scattering. In the numerical
241 calculations presented below, however, we implement the
242 full expression in Eq. (3), though the impact of the hadronic
243 mass,mN , is in general negligible. ForNCDIS, higher-order
244 EW corrections can be included through an “improved”
245 scheme. (See Ref. [38] for details.) As implied by Eqs. (6)
246 and (7), FL and xF3 are suppressed in comparison with F2,
247 with respect to the contribution to Eq. (5); as such, the cross
248 section can be approximated with a simplified form only
249 involving F2 as explored in Ref. [44]. For the sake of
250 precision, however, we staywith the full expression givenby
251 Eq. (3) throughout this work.

252 A. Treatment of low-x and low-Q PDFs

253 The total cross section can be integrated in terms of the
254 differential cross section in Eq. (3) over x and Q2. That is,

σ ¼
Z

2mNEν

Q2
min

dQ2NðQ2Þ
Z

1

xmin

dx
x
F ðx;Q2Þ; ð9Þ

255256 where xmin ¼ Q2=ð2mNEνÞ. The specific functional forms
257 of NðQ2Þ and F ðx;Q2Þ can be deduced directly from the
258 structure functions Fi in terms of Eq. (3). In an exper-
259 imental measurement, the neutrino DIS events are selected
260 with a Q cut, such as Q ≥ Qmin ¼ 1 GeV in MINERvA
261 [45], which can be adopted here in Eq. (9).
262 In Fig. 2, we show the integrated kinematic ðx;QÞ region
263 for a few representative neutrino energies, Eν. We include
264 two dashed horizontal lines corresponding to the CT18
265 starting scale, Q0 ¼ 1.3 GeV, and the upper bound of the
266 Q grids in the LHAPDF format [46], Qup ¼ 105 GeV. In
267 our practical treatment, the phase space below Q0 and
268 above Qup can be obtained through either LHAPDF

269extrapolation(s) [46] or APFEL’s backward/forward
270DGLAP evolution [47]. Figure 2 plots several vertical
271lines indicating the lower x bounds for the corresponding
272PDF grids used in this work. The PDFs below these x
273bounds rely on the LHAPDF or APFEL extrapolation.
274In Fig. 3, we explore the dependence of neutrino-isoscalar
275nucleon charged- and neutral-current DIS cross sections on
276the choice of Qmin in Eq. (10). We plot results for represen-
277tative neutrino energies spanning the range 103–105 GeV,
278where the dependence on Bjorken x is fully covered
279by the CT18 grids. The cross sections are normalized to
280the maximal result, σmax, where Qmin ¼ 1 GeV. The PDFs
281below Q0 ¼ 1.3 GeV are obtained with the APFEL’s back-
282ward evolution [47]. The structure functions are calculated in
283the zero-mass variable-flavor-number (ZM-VFN) scheme at
284NNLO with CT18 PDFs. In order to define the charged-
285current DIS scattering consistently beyond the leading order,
286we take the maximum number of active quark flavors
287to be nf ¼ 4, similarly to Ref. [26]. The details about the
288heavy-quark mass as well as the flavor number dependence
289are left to Sec. II C. In terms of Fig. 3, we see that the
290backward evolution region Q∈ ½1; 1.3& GeV contributes at
291most approximately 0.8% (1.2%) to the (anti)neutrino cross
292sections, with this contribution peaking for Eν ¼ 103 GeV.
293With increasing neutrino energy, this low-Q contribution
294quickly becomes negligible. A detailed exploration of the
295dependence of our calculation on Qmin is presented in
296Appendix B. In the end, we find that the kinematic region
297aroundQ ∼MW;Z contributes most significantly to the total
298cross section, and we designate this the important ðx;QÞ
299kinematics, as investigated in Appendix B.
300With increasing neutrino energies, we see that the
301relevant values of x can fall below the region probed by

F2:1FIG. 2. The kinematic ðx;QÞ ranges contributing to the
F2:2inclusive neutrino DIS cross section for a given initial neutrino
F2:3energy, Eν. The vertical dashed lines represent the lower
F2:4boundary in x for which each (nuclear) PDF group convention-
F2:5ally provides interpolation tables by default. This should not be
F2:6misconstrued as the lowest value of x directly probed by the fitted
F2:7datasets in each of these cases, which would generally lie at
F2:8significantly higher x than that indicated.
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❖ an important observation is DIS of ultra-high energy (UHE) neutrinos involves kinematic regions with rather 
small-x (<10-5) that are unexplored by all other experiments; careful examination on small-x extrapolation 
and various uncertainties are required

[Xie, JG, Hobbs, Stump, Yuan, 2303.13607]

https://arxiv.org/abs/2303.13607
https://arxiv.org/abs/2303.13607
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✦ Perturbative calculations on the coefficient functions can be improved order by order in QCD, with full 
results available at NNLO and partial results known at N3LO for CC and NC DIS

Uncertainty: Perturbative QCD calculations

❖ perturbative calculations show good convergence 
with remaining unc. at most a few percents 455 the ZM N3LO structure functions implemented in the

456 v1.2.0-struct-func-devel version of HOPPET
457 [27]. The resulting cross sections normalized to the
458 NNLO ones as KN3LO0 factors (N3LO0=NNLO ratios)
459 are displayed in Fig. 9 and the numerical value tabulated
460 in Tables I and II. We see that N3LO0 corrections give a
461 small decrease at low energy, while a slightly larger
462 increase at high energy. The size of the difference is
463 much smaller than that of the NNLO/NLO one as shown
464 in Fig. 8. This result gives us confidence that, in terms of
465 the perturbative expansion, our predictions are already
466 showing strong evidence of convergence at NNLO. In the
467 rest of this work, we will adopt the NNLO calculation as
468 our baseline, with N3LO0 corrections included with the
469 KN3LO0 factors.

470 C. A general-mass variable-flavor-number scheme

471 Up to now, we have adopted the ZM-VFN scheme with
472 CT18 PDFs, which include nf ¼ 4 parton flavors. One may
473 wonder about the heavy-quark mass effects as well as the
474 potential contribution from the third-generation quarks,
475 especially when

ffiffiffi
s

p
≫ m2

b;t, which we will examine care-
476 fully in this subsection.
477 The heavy-quark mass corrections to NC DIS at NNLO
478 have been obtained by several groups within corresponding
479 general-mass schemes, such as the ACOT scheme
480 employed in the CTEQ-TEA group [54], the FONLL
481 scheme by the NNPDF group [55], and the optimal TR
482 scheme in the MSHT group [56]. For CC DIS, the
483 asymptotic heavy-quark corrections at large momentum
484 transfers (Q ≫ m) to the structure functions are known up
485 to Oðα2sÞ [57,58] and even Oðα3sÞ [59,60]. Recently, the
486 complete mass corrections to CC DIS have been achieved
487 up to NNLO [61,62]. The general-mass corrections to the
488 structure functions have been implemented in the ACOT
489 framework [26], which we will mainly rely on in this work.
490 In Fig. 10 (left), we show the charm mass correction
491 to the (anti)neutrino cross sections, with the ACOT

492general-mass scheme normalized to the ZM-VFN scheme
493up to nf ¼ 4 flavors, with the numerical values as KGM
494factors (GM/ZM ratios) presented in Tables I and II. At
495lower neutrino energies, e.g., Eν ¼ 102 GeV, the full
496charm-mass dependent structure functions reduce the anti-
497neutrino (neutrino) CC DIS cross section by about 2%
498(1%). In comparison, the massive corrections to the NC
499DIS cross section can be positive, mainly driven by an
500enhancement of the F2 structure function at low scales,
501such as Q≲ 2mc. (See Fig. 5 of Ref. [54] for details.) The
502size of the impact is smaller than that in the CC case, with
5030.6% (0.3%) for antineutrino (neutrino) NC DIS cross
504sections, respectively. We remind the reader that the charm-
505mass corrections to antineutrino cross sections are always
506larger than the neutrino ones, mainly because of the
507relatively smaller absolute antineutrino cross section with
508respect to the analogous neutrino calculation.2 Meanwhile,
509the mass effect vanishes very quickly with increasing
510neutrino energy. With Eν ≳ 104 GeV, the general-mass
511results are almost identical to those obtained in the ZM
512scheme. For this reason, we will assume the ZM-VFN
513scheme for the remainder of this work, with heavy-quark
514mass effects folded in via KGM-factors in Tables I and II.
515The CT18 PDFs adopt nf ¼ 5 as their default [25]. For
516nf ≥ 5, the CC scatterings involve the gW$ → tb̄ðt̄bÞ
517partonic subprocesses beginning at NLO; these contain a
518collinear singularity in the g → bb̄ðtt̄Þ splittings in the zero-
519mass limit. The g → bb̄ collinear divergence can be
520absorbed into a redefinition of b-quark PDF. Similarly,
521we have to introduce t-quark PDF to absorb the g → tt̄
522collinear divergence when the top quark becomes massless.
523For this reason, we take nf ¼ 6 to include the third-
524generation quarks in the zero-mass scheme beyond the

F10:1 FIG. 10. The cross section ratios of (anti)neutrino-isoscalar charged-current DIS in the general-mass and zero-mass schemes (left) and
F10:2 different flavors (right).

2We note that the apparent equality of the NC neutrino
and antineutrino GM/ZM ratios near Eν ∼ 3 TeV is an
artificial smoothing effect due to numerical imprecision at the
permille level.
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FIG. 9. The N3LO0 ZM-VFN predictions to the (anti)neutrino-isoscalar charged (W ) and neutral
(Z) current DIS cross sections, with respect to the NNLO ones.

implemented in the v1.2.0-struct-func-devel version of HOPPET [22]. The resulting

cross sections normalized to the NNLO ones are displayed in Fig. 9. We see that N3LO0

corrections give a small decrease at low energy, while a slightly larger increase at high en-

ergy. The size of the di↵erence is much smaller than that of the NNLO/NLO one as shown

in Fig. 8. This result gives us confidence that, in terms of the perturbative expansion, our

predictions are already showing strong evidence of convergence at NNLO. In the rest of this

work, we will adopt the NNLO calculation as our baseline, with N3LO0 corrections included

as K-factors extracted from Fig. 9.

C. A general-mass variable-flavor-number scheme

Up to now, we have adopted the ZM-VFN scheme with CT18 PDFs, which include nf = 4

parton flavors. One may wonder about the heavy-quark mass e↵ects as well as the potential

contribution from the third-generation quarks, especially when
p

s � m2
b,t

, which we will

examine carefully in this subsection.

The heavy-quark mass corrections to NC DIS at NNLO have been obtained by several

groups within corresponding general-mass schemes, such as the ACOT scheme employed

in the CTEQ-TEA group [44], the FONLL scheme by the NNPDF group [45], and the

optimal TR scheme in the MSHT group [46]. Recently, the complete mass corrections to

CC DIS have been achieved up to NNLO [47]. The general-mass corrections to the structure

functions have been implemented in the ACOT framework [21], which we will mainly rely

15
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FIG. 8. Comparison of the neutrino-isoscalar charged (W ) and neutral (Z) current DIS cross-
section ratios to their respective NNLO predictions, at di↵erent orders of QCD perturbation theory.
The LO and NLO cross sections are calculated with the corresponding CT18 PDFs at LO [42] and
NLO [20].

In Fig. 8, we show the CT18 predictions for the neutrino-isoscalar charged and neutral

current DIS cross sections, normalized to the individual NNLO prediction. The LO [42] and

NLO [20] PDFs are adopted with the same corresponding order of Wilson coe�cients in the

LO and NLO cross sections. Compared to NNLO, we see that the LO and NLO predictions

are larger, and the increments become increasingly significant when E⌫ > 107 GeV. These

di↵erences are mainly driven by two factors: the strong coupling ↵s at di↵erent orders and

higher-order corrections to the structure functions. In the CT18LO analysis [42], the strong

coupling is chosen to be a larger value, ↵s(MZ) = 0.135 in order to compensate for the

missing higher order corrections, especially for the Drell-Yan data. In the CT18 NLO fit,

the strong coupling is determined as ↵s(MZ) = 0.118, similar to the NNLO fit. However,

when the scale Q runs down to lower values, which contribute to the majority of the total

integrated neutrino-nucleon cross section as shown in Fig. 22 in App. B, the corresponding

strong couplings are larger than that obtained at NNLO. On the other hand, the higher-

order corrections contribute negatively to the structure functions. (See Fig. 11 of Ref. [43]

for a specific example.) As a consequence, we obtain NNLO cross sections smaller than the

LO and NLO ones, as shown in Fig. 8.

As we see above, the neutrino DIS cross section decreases as the perturbative order

increases. A natural question one may ask is whether our result shows evidence of conver-

gence in the perturbative expansion. Similarly to our previous work [21], we estimate an

approximate N3LO contribution (denoted as N3LO0) with the ZM N3LO structure functions

perturbative convergence
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✦ Proton PDFs provided by several major analysis groups (CT, MSHT, NNPDF, ABM, HERAPDF, ATLASpdf, 
CJ, JAM…) using slightly different heavy-quark schemes, selections of data, and methodologies  

❖ CT18 represents the state of art 
PDFs of proton with a faithful/
conservative estimation of 
uncertainties 

❖ PDF unc propagated into neutrino 
cross sections at the level of <10% 
in general for energy upto EeV
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FIG. 7: A comparison of 90% C.L. PDF uncertainties from CT18 (violet solid), CT14HERAII(gray short-dashed),
and CT18Z (magenta long-dashed) NNLO ensembles at Q = 100 GeV. The uncertainty bands are normalized to the

central CT18 NNLO PDFs.
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FIG. 7: A comparison of 90% C.L. PDF uncertainties from CT18 (violet solid), CT14HERAII(gray short-dashed),
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FIG. 12. The (anti)neutrino-isoscalar cross sections for charged (W ) and neutral (Z) current DIS,
with small-x resummed up to next-to-leading logarithms (NLLx) with respect to NNLO predictions.
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100

101

102

FIG. 13. (Left) The CT18 predictions for neutrino-isoscalar scattering cross sections �; and (right)
the corresponding PDF uncertainties, ��/�.

B. Nuclear PDFs and uncertainties

Owing to the small magnitude of GF , neutrino-scattering experiments have historically

relied on nuclear targets to maximize the relevant cross sections. This has been true for

terrestrial neutrino oscillation and DIS measurements, which typically involve heavy nuclei

such as 40Ar and 56Fe. In the meantime, present or planned neutrino telescopes, including

IceCube and KM3NeT, entail Cherenkov detection of the charged lepton from CC neutrino

reactions with ice or water, such that the predominant nuclear interaction is with H2O

or the isoscalar nuclei O. In all such experiments, incident neutrinos resolve the partonic

substructure of nuclei rather than of free nucleons; thus, such nuclear DIS events are subject

to modifications, relative to scattering from free nucleons, due to the influence of the nuclear

medium. The analogous nuclear parton distribution functions (nPDFs) relevant for nuclear

648 Eν ≲ 108 GeV, resulted from the corresponding smaller
649 PDF uncertainties. Many PDF comparisons can be found
650 in Refs. [76,77]. In the ultrahigh energy region
651 Eν ≳ 108 GeV, MSHT20 gives larger PDF error bands,
652 also driven by the low-x extrapolation, as discussed in
653 Sec. II A. As a final remark, the NNPDF4.0 gives notice-
654 ably smaller uncertainties than others, while the reliability
655 of the PDF error quantification still remains as a puz-
656 zle [78].

657B. Nuclear PDFs and uncertainties

658Owing to the small magnitude of GF, neutrino-scattering
659experiments have historically relied on nuclear targets to
660maximize the relevant cross sections. This has been true for
661terrestrial neutrino oscillation and DIS measurements,
662which typically involve heavy nuclei such as 40Ar and
66356Fe. In the meantime, present or planned neutrino observa-
664tories, including IceCube and KM3NeT, entail Cherenkov

F13:1 FIG. 13. Left: the CT18 predictions for neutrino-isoscalar scattering cross sections σ; and Right: the corresponding PDF uncertainties,
F13:2 δσ=σ.

F14:1 FIG. 14. The comparison of the predictions of neutrino-isoscalar scattering cross sections as well as the uncertainties of modern PDFs
F14:2 from CT18, MSHT20, and NNPDF3.1/4.0, respectively.
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✦ DIS structure functions or cross sections per nucleon are different for free nucleons and for nucleus, and 
depends on the kinematic regions (x); those nuclear modifications are especially uncertain at small-x and 
for charged-current scatterings 

Uncertainty: Nuclear modifications

CHAPTER 6. THE EIC PHYSICS CASE 47

Figure 6.5: Typical nuclear effects seen in the DIS measurements. The figure is from [48].

mental measurements initiated by early-state hard scatterings. Proper characteri-
zation of the QGP dynamics also relies on adequate separation of initial and final
state effects, the former encoded in the corresponding nPDFs. Deep-inelastic neu-
trino scattering experiments with nuclear targets are also in critical need of precise
nPDFs, which in turn impact the global analysis of proton PDFs.

Experimentally, differences between PDF and nPDF have been firmly established
by the deep-inelastic lepton-nucleus scattering data. The observed significant nu-
clear effects have ruled out a naive model of a nucleus as a superposition of quasi-
free nucleons, and forced us to factor in modifications due to the nuclear environ-
ment. These nuclear modifications are commonly described as shadowing, anti-
shadowing, and the EMC effect [44–47]. They are usually quantified in terms of
the ratio to the free-nucleon PDFs, with R < 1 indicating a suppression of the prob-
ability distribution compared to the free proton reference, and R > 1 an enhance-
ment. The approximate domains for these experimentally observed modifications,
illustrated in Fig. 6.5, are as follows: the shadowing regime (R < 1) is promi-
nent in the x < 0.1 region; the anti-shadowing (R > 1) effect is present between
0.1 < x < 0.3, and the EMC effect refers to the slope of R in the valence-quark
dominated regime 0.3 < x < 0.7. At higher x there are effects due to Fermi motion
in a nucleus.

Understanding how parton dynamics is modified in the nuclear medium, and the
exact nature of the mechanisms that generate shadowing, anti-shadowing, and
the EMC effects is a field actively pursued in both theory and experiment. It is
commonly accepted that different physics processes contribute to different regions
in x; however, there is no consensus on the exact nature of these contributions. The
dependencies on nuclear size, impact parameter, and x for these nuclear effects
have not been derived from first-principles calculations but are instead inferred
from fits to the existing experimental data. However, in contrast to the free-proton

[1401.2345]
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FIG. 15. The nuclear correction ratios, RO defined in Eq. (12), of the neutrino-nuclear charged
(left) and neutral (right) current DIS cross sections.

duction in pPb collisions — have been recorded by the ALICE, ATLAS, CMS, and LHCb

experiments [63–71]. Despite this progress, the current global data set constrains nPDFs

only at somewhat higher values of x & 10�4 relative to free-proton analyses; that is, the

lower bound in x of nPDF fits is considerably larger than the corresponding low-x frontier

in modern proton PDF determinations, which are constrained by high-energy data down

to x & 10�5. Given this present situation, we rely on extrapolations of existing nPDFs.

We note that these polynomial extrapolations to small x are unavoidable on the grounds

of numerical stability, despite the naive nature of the extension of interpolation grids to

very small x based on parametrizations that have not been constrained by data to such low

x; again, we showed the extrapolated free-nucleon PDFs in Fig. 5 and the corresponding

neutrino-nucleon cross sections in Fig. 6.

In the context of this behavior observed for the free-nucleon case, we present in Fig. 15 the

nuclear corrections as the (anti)neutrino cross section ratios of nuclear to isoscalar scatterings

RO =
�⌫(⌫̄)O

�⌫(⌫̄)I
, (12)

with the corresponding nuclear PDF uncertainties, where O and I indicate the 16
8O and

isoscalar targets. We also collect associated numerical values in Tabs. I and II of App. A

for the cross sections and nuclear corrections ratios RO. As done for earlier plots, the

left and right panels of Fig. 15 correspond to scattering mediated by W and Z exchange,

respectively, and we show the nuclear correction ratio for both ⌫ and ⌫̄ cross sections based

on the EPPS21, nCTEQ15WZ, and the recent nCTEQ DimuNeu analysis. For the former
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FIG. 15. The nuclear correction ratios, RO defined in Eq. (12), of the neutrino-nuclear charged
(left) and neutral (right) current DIS cross sections.
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x; again, we showed the extrapolated free-nucleon PDFs in Fig. 5 and the corresponding
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with the corresponding nuclear PDF uncertainties, where O and I indicate the 16
8O and

isoscalar targets. We also collect associated numerical values in Tabs. I and II of App. A

for the cross sections and nuclear corrections ratios RO. As done for earlier plots, the

left and right panels of Fig. 15 correspond to scattering mediated by W and Z exchange,

respectively, and we show the nuclear correction ratio for both ⌫ and ⌫̄ cross sections based

on the EPPS21, nCTEQ15WZ, and the recent nCTEQ DimuNeu analysis. For the former

general feature of nuclear modifications predictions on nuclear corrections for 
neutrino scatterings on oxygen

❖ spread of predictions from different groups can be 
as large as 20% for tens PeV neutrinos
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✦ Our final predictions (from CT18+nuclear corrections) are compared to the CSMS predictions [Cooper-
Sarkar, Mertsch, Sarkar 2011] which are the benchmarks of DIS cross sections used by the IceCube 
collaboration 

Comparison to CSMS results
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FIG. 17. Comparison of the neutrino-isoscalar cross sections with the existing calculations between
the CT18 and CSMS [30], for the CC (upper) and NC (lower) scattering processes.

flavors [45] together with the small-x resummation [48] included. In this work, we have gone

beyond in two aspects. We have included the complete heavy-quark e↵ect up to NNLO in

the ACOT scheme [21]. It turns out the heavy-flavor e↵ect is negligible at an ultrahigh

energy, while a negative 2% when E⌫ ⇠ 100 GeV, as examined in Sec. II. We also extend

our calculation up to approximate N3LO, with zero-mass Wilson coe�cient functions.

In this work, we are mainly targeting a state-of-art prediction for the high-energy neutrino

cross section measured at IceCube. In Fig. 17, we compare our calculation with the CSMS

result — the theoretical prediction adopted in IceCube [9, 10], with our numerical results

tabulated in App. A. Compared to the free-nucleon (isoscalar) CT18 predictions, the CSMS

calculation gives overall larger cross sections for charged-current DIS, while the neutral-

current cross section is in good agreement. The larger CC cross section can be understood

in terms of the corresponding larger small-x PDFs, as shown in Fig. 18. Relative to the

free-isoscalar cross section, the H2O nucleon-averaged calculation receives a negative nuclear

❖ three results are compared:  CT18 
with (w/o) nuclear corrections, CSMS 

❖ central predictions differ especially 
for CC DIS by upto ~20%; can affect 
neutrino transmission probability and 
also the measured flux  

❖ larger unc. from PDFs and  nuclear 
corrections especially for UHE 
neutrinos

ratio of DIS total cross sections
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✦ Final state QED corrections are recently revisited; e.g., photon radiation from final state muon, can lead to 
large impact due to the nature of “infrared unsafe” of the water Cherenkov detectors

radiated photon from muon goes 
into cascade

effective shift of the kinematic variable 
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Charged leptons produced by high-energy and ultrahigh-energy neutrinos have a substantial prob-
ability of emitting prompt internal bremsstrahlung ⌫` +N ! `+X + �. This can have important
consequences for neutrino detection. We discuss observable consequences at high- and ultrahigh-
energy neutrino telescopes and LHC’s Forward Physics Facility. Logarithmic enhancements can be
substantial (e.g. ⇠ 20%) when either the charged lepton’s energy, or the rest of the cascade, is mea-
sured. We comment on applications involving the inelasticity distribution including measurements
of the ⌫/⌫̄ flux ratio, throughgoing muons, and double-bang signatures for high-energy neutrino ob-
servation. Furthermore, for ultrahigh-energy neutrino observation, we find that final state radiation
affects flavor measurements and decreases the energy of both Earth-emergent tau leptons and regen-
erated tau neutrinos. Finally, for LHC’s Forward Physics Facility, we find that final state radiation
will impact future extractions of strange quark parton distribution functions. Final state radiation
should be included in future analyses at neutrino telescopes and the Forward Physics Facility.

I. INTRODUCTION

High-energy (HE, i.e., ⇠ 100 GeV–100 PeV) and
ultrahigh-energy (UHE, i.e., & 100 PeV) neutrinos are
important for both neutrino astrophysics and multimes-
senger astronomy [1–6]. They provide a unique win-
dow into extreme astrophysical environments. They also
probe neutrino interactions at high center-of-mass en-
ergies, and offer valuable tests of the Standard Model
of particle physics [1, 7, 8]. For example, measure-
ments of neutrino-nucleon scattering at TeV energies
and above probe quantum chromodynamics (QCD) at
small-x [9–11] and offer unique opportunities to con-
strain strange-quark distribution functions inside the nu-
cleon [12–16]. Measurements of neutrino interactions
at high energies can be obtained using naturally oc-
curring neutrino fluxes with neutrino telescopes [17–
22]. Similar measurements can also be performed at the
Large Hadron Collider’s (LHC’s) Forward Physics Facil-
ity (FPF) which is exposed to neutrinos with energies as
high as a few TeV [23, 24]. Furthermore, measurements of
high- and ultrahigh-energy neutrinos, (including energy
spectra [25–30], flavor ratios [31–35], and arrival direc-
tionality [36–38] and timing [39–41]) offer new probes of
neutrino properties in a largely untested energy range
and offer discovery opportunities for physics beyond the
Standard Model [2].

For both astrophysics and particle physics applica-
tions, a precise description of neutrino interaction and
detection plays a central role. Statistical samples have
grown, and will grow, with more and more HE and
UHE neutrino telescopes being built or proposed (e.g.,
Refs. [42–50]; see Ref. [1] for a comprehensive overview)
and the prospect of new data from the LHC’s FPF [24].

⇤
rplestid@caltech.edu

†
beizhou@fnal.gov

FIG. 1. Effect of final state radiation on HE neutrino scatter-
ing (CCDIS+FSR) and detection, taking ⌫µ as an example.
A ⌫µ produces a high-energy muon, which emits a photon
during CCDIS with a nucleon (bottom left). The photon is
absorbed in the cascade, while the muon is observed as a
track. In general, any measurements that can separate the
charged lepton and cascade are subject to logarithmically en-
hanced QED radiative corrections. Tau neutrino detection is
also significantly impacted by FSR, as discussed below.

Consequently, precision goals are becoming increasingly
stringent. This has motivated the study of sub-leading
QCD corrections to neutrino-nucleus cross sections, with
quoted uncertainties as small as ⇠ 1% [51–53]. Other
work has focused on sub-dominant interaction channels,
such as W -boson and trident production [16, 54–59].

In this work, we consider sub-leading corrections to
charged-current deep-inelastic scattering (CCDIS) stem-
ming from the emission of hard on-shell photons, i.e.,
final state radiation (FSR). This has been previously dis-
cussed in the context of the inelasticity distribution for
accelerator [60] and astrophysical [61] neutrinos. We re-
visit FSR’s impact on the inelasticity distribution, and
study many other phenomenological impacts for HE and
UHE neutrino observation for the first time. As we dis-
cuss below, for neutrino energies above 100 GeV, quan-
tum electrodynamic (QED) radiative corrections can be
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photon and hadronic shower.2 The sum, Eshower + E`

can be used as an estimator for the neutrino energy E⌫ .
Whenever an observable measures Eshower or E` sepa-
rately, however, QED corrections can be enhanced by
large FSR kinematic logarithms and be sizeable, as shown
below.

In Fig. 3 we show the average relative shift in the
charged-lepton energy (h�E`i/E`) and the shower en-
ergy (h�Eshoweri/Eshower) due to FSR. By definition
h�E`i+ h�Eshoweri = 0. The calculation is based on re-
alistic neutrino CCDIS d�(0)

/dy distributions based on
QCD and isoscalar target [53, 81]. For leptons, the shifts
can be as large as ⇠ 5% whereas for the shower energy
the estimated energy can shift by as much as ⇠ 25%(!);
this is a consequence of the tree-level distribution being
asymmetric between the leptonic and hadronic energy.
Moreover, it is important to note that the shifts in the
shower energies will be further enhanced by ' 10�20% in
the realistic experimental settings, because electromag-
netic showers have more light yields than hadronic show-
ers [82]. Therefore, Fig. 3 demonstrates that QED FSR
can substantially distort experimental observables at a
level that is relevant for existing neutrino telescopes. No-
tice that the relative energy shifts increase with energy,
which reflects the increased probability of FSR for high-
vs. low-energy leptons. Convenient scaling relations for
charged-lepton energies are given as follows

h�Eµi
Eµ

' 4.6% + 0.0075⇥ log10

✓
E⌫

1010 GeV

◆
, (10)

h�E⌧ i
E⌧

' 3.7% + 0.0075⇥ log10

✓
E⌫

1010 GeV

◆
. (11)

The effects of FSR are enhanced for muons relative to
tau leptons due to the log

�
s/m

2
`

�
collinear enhancement.

Finally, notice that there is a difference between ⌫ and ⌫̄

which we will comment on in Section IIIA 1.

A. Inelasticity measurements and neutrino
telescopes

As we have discussed above, a simple exclusive observ-
able that is sensitive to FSR is the differential cross sec-
tion d�/dEµ in muon-neutrino CC scattering. At leading
order in ↵ (i.e., without FSR) this observable is trivially
related to the inelasticity distribution d�(0)

/dy. As is
immediately evident from Eq. (7), this simple correspon-
dence is violated once FSR is included. The experimental
definition used as an estimate of the inelasticity is

yexp ⌘ Eshower

Etrack + Eshower
= yQCD +

E�

E⌫
, (12)

2
The hadronic shower also contains a large amount of electromag-

netic activity due to, e.g., ⇡0 ! ��).

FIG. 3. Average relative shift in energy due to FSR for the
final-state charged-lepton energy (curves below zero) and
shower energy, i.e., “the rest” E⌫ � E` (curves above zero)
from neutrino CCDIS. For example, taking a HE muon neu-
trino in IceCube the lepton energy corresponds to the track,
and the rest corresponds to the shower. Curves are plotted
as a function of the parent neutrino energy (E⌫).

where yQCD = EX/E⌫ and E� is the energy deposited
by FSR from the lepton leg.

In Fig. 4 we plot the absolute (�yavg; left panel)
and relative (�yavg/yavg; right panel) shift in the aver-
age experimental inelasticity hyexpti, defined as �yavg ⌘
hyexpi�hyQCDi = hE�i/E⌫ . This is a useful quantitative
measure of FSR. The trends of the curves are related to
that of Fig. 3. Since hE�i > 0, �yavg is always posi-
tive. The increase in �yavg with E⌫ occurs both because
of increasing logarithmic enhancements log

�
s/m

2
`

�
, and

because hyQCDi decreases as E⌫ increases. The relative
shift due to FSR, �yavg/yavg, can be as large as 25%(!).
Again, it is important to note that the shifts in yavg will
be further enhanced by ' 10�20% in the realistic exper-
imental settings, because electromagnetic showers have
more light yields than hadronic showers [82]. The dif-
ference in the light yield also affects the inference of the
parent neutrino energy from the measured total energy,
although it is minor.

Both Figs. 3 and 4 demonstrate that the impact of
FSR is substantial, and influences observables at a level
that is relevant for ongoing and near-term experiments.
This is important because the inelasticity distribution
has many useful applications. For instance, the differing
dependence of Eq. (5) on y for ⌫ vs. ⌫̄ allows one to sta-
tistically infer the flux ratio �⌫/�⌫̄ which has interesting
applications both for astrophysics and for inferring neu-
trino mixing parameters. In addition to application to
astrophysics and neutrino physics, the inelasticity distri-

3

FIG. 2. Illustration of the effect of FSR on the inelasticity dis-
tribution using Eq. (8) for input parameters of hyi0 = 0.35,
and �0 = 1.00 and E⌫ = 100 TeV. In the leading-log approx-
imation, the effect of FSR is to migrate strength from smaller
y to larger y without influencing the normalization of the dis-
tribution.

where Fi = Fi(x,Q2) are structure functions and the “+”
is for ⌫ and the “�” is for ⌫̄. Predictions for the DIS cross
sections can be found in, e.g., Refs. [9, 51–53, 74–76]. In
what follows, we only need d�(0)

/dy.
Let us next consider n = 1 photon in the final state. At

leading-logarithmic accuracy, FSR factorizes leg-by-leg.
Any radiation from the hadronic parts of the diagram will
be captured in the cascade. Since the cascade is inclusive
with respect to hadronic + electromagnetic energy de-
position, the Kinoshita-Lee-Nauenberg (KLN) theorem
[77, 78] guarantees that hadronic FSR does not generate
any logarithmically enhanced QED radiative corrections.
The only “large” QED effects are therefore those involving
FSR off the charged-lepton leg; these can be computed
at leading-log accuracy using splitting functions.

Whenever the probability of emitting radiation is sub-
stantially less than one, we may obtain accurate esti-
mates without a full resummation of the leading double
logarithms. For this purpose a fixed-order calculation is
sufficient. The relevant distribution function or ` ! `�

is given by [63, 79]

P`!`�(z) =
↵

2⇡
log

✓
s

m2
`

◆
(1 + z

2)

[1� z]+
+

3

2
�(1� z)

�
,

(6)
where (1� z) is the fraction of the charged lepton’s mo-
mentum carried away by the photon. The 1/(1 � z)
behavior of the splitting function is characteristic of
bremsstrahlung and encodes the soft photon singularity.

Let us write d� = d�(0) + d�(1) + . . . where d�(1) in-
cludes all O(↵) corrections to the differential cross sec-
tion. The correction to the cross section contains a piece
due to internal bremsstrahlung, and a virtual correction.
These pieces conspire to ensure that inclusive observables
(e.g., at fixed hadronic energy transfer) contain no large
kinematic logarithms. If we consider a leptonic variable,

for example, E`, then the O(↵) logarithmically enhanced
corrections to the cross section are given by

d�(1)

dE`
=

↵

2⇡

Z
dy

Z
dz

d�(0)

dy
�(E` � (1� y)zE⌫)

⇥ log

✓
s

m2
`

◆
1 + z

2

[1� z]+
+

3

2
�(1� z)

�
.

(7)

This quantity is IR-safe. When considering distribu-
tions binned as a function of E`, then the bin width
in the charged-lepton energy serves as an effective IR-
cutoff scale in estimating the size of double-logarithmic
enhancements. In our numerical estimates we take ↵ =
↵(MZ) with ↵

�1(MZ) = 129 [80].
For illustration’s sake, let us make use of IceCube’s

simplified parameterization of d�(0)
/dy [62],

1

�(0)

d�(0)

dy
= C(✏0,�0)(1 + ✏(1� y)2)y�0�1

, (8)

where ✏0 is in practice determined by specifying the mean
inelasticity hyi0 and using the formula

✏0 = � ((�0 + 2)(�0 + 3))((�+ 1)hyi0 � �0)

2((�0 + 3)hyi0 � �0)
. (9)

The constant C is fixed by normalization.
In Fig. 2 we show the effect of FSR computed us-

ing Eq. (7) for input parameters of hyi0 = 0.35 and
�0 = 1.00; these input parameters correspond to realis-
tic choices for E⌫ ' 100 TeV [62]. Having discussed the
general formalism we use (i.e., splitting functions at fixed
order in ↵) and identified corrections which are sizeable,
we now turn to applications at neutrino telescopes.

III. HIGH-ENERGY NEUTRINO
OBSERVATION

In this section, we discuss how FSR impacts the ob-
servation of HE neutrinos (100 GeV . E⌫ . 100 PeV).
High-energy neutrino telescopes detect neutrinos via two
basic topologies: “tracks” and “cascades” (cf. Fig. 1).
Tracks are formed by muons, which travel macroscopic
distances. Cascades include hadronic and electromag-
netic energy deposition in a shower which is localized over
a few hadronic interaction lengths. Events produced by
HE neutrinos can originate from either inside or outside
(i.e., throughgoing muons) the detector. When FSR is
emitted, it transfers energy from the track part of the
topology to the cascade. More generally, for instance, in
the case of the “double bang” signature that is used to
detect tau neutrinos, FSR distorts the ratio of leptonic
and hadronic energy estimators.

Therefore, in what follows, we distinguish two parts of
energy: the charged-lepton energy, E`, and the shower-
energy, Eshower which combines the energies of the FSR

QED correction to cross section 
of bare muon

❖ QED corrections lead to a systematic shift/smearing of kinematic 
variable if using bare kinematics; similar effects also studied 
recently in the scenario of EIC using new factorization approach of 
QED correction in DIS [Qiu, Liu+, 2022]

[2403.07984 ]

https://arxiv.org/abs/2403.07984
https://arxiv.org/abs/2403.07984
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✦ New opportunities from forward detectors at the LHC, e.g., FASERν and its upgrade on neutrino CC DIS, 
probing region of ~ 1 TeV neutrino energies; note EIC/HERA only cover ep CCDIS with Q2 >100 GeV2

DIS from collider neutrinos at LHC

Expected CC DIS event rates

Detector
before cuts after DIS and acceptance cuts acceptance e�ciency

N⌫e + N⌫̄e , N⌫µ + N⌫̄µ N⌫e + N⌫̄e , N⌫µ + N⌫̄µ N⌫e + N⌫̄e , N⌫µ + N⌫̄µ

FASER⌫ 1.2k, 4.1k 610, 1.8k 51%, 44%

SND@LHC 280, 860 260, 700 92%, 81%

FASER⌫2 270k, 980k 170k, 510k 63%, 52%

AdvSND-far 19k, 66k 18k, 56k 95%, 85%

FLArE10 65k, 202k 64k, 110k 98%, 55%

FLArE100 427k, 1.3M 420k, 670k 98%, 52%

Table 2.3. The number of electron and muon neutrinos interacting within the detector volume, compared with the
results after applying the DIS requirements (W 2 > 4 GeV2 and Q2 > 2 GeV2) and the experimental acceptances from
Table 2.1. The DIS requirement removes only . 1% of the events, a consequence of the high energy of LHC neutrinos.
The last column displays the acceptance e�ciency, defined as the ratio between pre- and post-acceptance integrated
event yields. While the specific e�ciencies depend on the experiment, up to 50% of the neutrinos interacting in the
detector volume may fall outside detector acceptance.

Several observations can be derived from Table 2.2. First, one appreciates the large increase in statistics
from the Run III experiments to the FPF ones, with for example a factor of ⇠ 250 increase in the muon
neutrino yield between FASER⌫ and FASER⌫2. Second, the muon-neutrino scattering yield dominates over
electron neutrino scattering by a factor between 2 and 3, though the precise value of this ratio is a↵ected
by the large theory uncertainties a↵ecting forward electron neutrino production. Third, charm production
represents around 15% of the inclusive yields, with both FASER⌫2 and FLArE100 resulting in around 80k
recorded charm-production events. Note that this result assumes D-meson tagging capabilities, and if only
dimuon events can be recorded the yields would be reduced by a factor of 10. Fourth, FASER⌫2 and
FLArE100 lead to the largest absolute yields of the FPF experiments, with a total of around 680k and 1.1M
(non-tau) neutrino DIS events respectively, with 74k and 170k events expected instead for AdvSND-far and
for FLArE10.

Fig. 2.1 displays the di↵erential event yields per bin, Eq. (2.11), for muon neutrinos detected at the
FASER⌫ (Run III) and the AdvSND, FASER⌫2, and FLArE100 (FPF) experiments, restricted to the DIS
region defined by Eq. (2.16) and where only bins with � 100 events are retained, except for FASER⌫ in
which bins with � 10 events are shown. Adding up the bins in each of the panels results into the inclusive
yields listed in Table 2.2. The clear improvement in going from the current FASER⌫ experiment to the FPF
ones is visible both in terms of the number of events per bin as well as for the kinematic coverage. The
FPF experiments benefit from large event rates for most of the region in

�
x, Q2

�
covered, leading to typical

statistical uncertainties at the 1% level or smaller, while for FASER⌫ the statistical uncertainties are larger
due to the reduced event rates.

From Fig. 2.1 one observes how the kinematic coverage of the FPF far-forward experiments reaches
down to xmin ⇠ 3 ⇥ 10�3 at small-x and up to Q2

max ⇠ 104 GeV2 at large-Q2, representing an extension
of around one order of magnitude in both directions as compared to available DIS neutrino data. To
illustrate this, Fig. 2.2 compares the kinematic coverage of FASER⌫, FASER⌫2, FLArE, and AdvSND,
same as in Fig. 2.1, with that of electron-ion collisions at the upcoming EIC [35,36] at the highest centre-of-
mass energies planned, as well as to available fixed-target neutral- and charged-current DIS measurements.
The LHC neutrino experiments cover an x region relevant at hadron colliders for Higgs boson analyses,
precision electroweak measurements such as the W -boson mass [73], and new physics measurements sensitive
to the large-x PDFs [74]. FASER⌫2 and FLArE100 mostly overlap with the EIC coverage, providing a
complementary handle on the quark flavour decomposition in protons and heavy nuclei as compared to the
one provided by the EIC measurements.

The inclusive yields listed in Table 2.2 di↵er from the total number of neutrinos interacting within the
detector volume [1,10] due to both the DIS requirements (W 2 > 4 GeV2 and Q2 > 2 GeV2) and the detector
fiducial acceptances summarised in Table 2.1. The former is found to be negligible, with DIS cuts removing
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Figure 2.2. The kinematic coverage in the (x, Q2) plane of muon-neutrino scattering at the FASER⌫, FASER⌫2,
FLArE10(100), and AdvSND experiments, see also Fig. 2.1, compared to that of electron-ion collisions at the EIC as
well as to the coverage of existing neutrino fixed-target DIS measurements.

In addition to the statistical uncertainties evaluated from Eq. (2.17), one needs to also estimate the
systematic uncertainties associated to the finite precision in the reconstruction of the final state leptonic
and hadronic variables listed in Table 2.1. For instance, an event which would be classified into a given bin
in (x, Q2, E⌫) in the case of a perfect detector may end up being mis-classified into a di↵erent bin in the
presence of systematic shifts associated to the lepton energy E`, lepton scattering angle ✓`, and hadronic
energy Eh, as indicated by Eq. (2.10).

For each independent source of systematic uncertainty, which in this analysis consists of �E`, �Eh, and
�✓`, we quantify its impact at the event yield level

�(E`)
sys N (i)

ev , �(Eh)
sys N (i)

ev , �(✓`)
sys N (i)

ev , i = 1, . . . , Nbin , (2.18)

by extending the calculation delineated in Sect. (2.3). First, we generate a Monte Carlo set of events,
denoted by D0, composed by Nmc ⇡ 107 samples and determine the assignment of each event to a point
in the

�
x, Q2, E⌫

�
space. We then take each event in D0 and smear it with Gaussian distributions whose

variances are given by Table 2.1 to produce a set of new samples {Dk}. The smeared events are subjected
to the same DIS cuts from Eq. (2.16) and acceptances from Table 2.1. The bin assignment of the events in
the smeared samples Dk will in general be di↵erent from those of the baseline sample D0.

We define the fractional uncertainty associated to a given systematic source, say �E`, for bin i to be the
mean of the absolute di↵erence between the number of events in this bin for the smeared samples {Dk} and
the number of events in this bin for D0:

�(E`)
sys =

*������

N (i)
E`�smeared,k � N (i)

0

N (i)
0

������

+
. (2.19)

The absolute systematic uncertainty in event yield caused by �E` is then �(E`)
sys N (i)

ev . Individual sources of
systematic errors are treated as uncorrelated among them, and hence by producing samples where only one
source of error is varied at a time we can determine the systematic errors, Eq. (2.18), in each bin for each of
the considered experiments. This approach has the benefit that rescaling individual sources of systematic
uncertainties, say to assess the impact of improved detector performance, becomes straightforward.
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Figure 3.1. The fractional PDF uncertainties (at the 68% CL) at Q2 = 104 GeV2 for the up and down valence quarks,
gluon, total quark singlet, and total strangeness PDFs in the PDF4LHC21 baseline, compared to the results obtained
once the FASER⌫ and FASER⌫2 structure functions are included in the fit. In both cases we include charm-tagged
structure functions and assume final-state lepton-charge separation. The FASER⌫ projections are based on a Run III
integrated luminosity of L = 150 fb�1.

3.1 Proton PDFs: impact on PDF4LHC21

We begin with the Hessian profiling of the PDF4LHC21 set. This proton PDF set is a Monte Carlo
combination [82, 83] of three global PDF sets, CT18 [29], MSHT20 [30], and NNPDF3.1 [84]. Its Hessian
representations are obtained by means of the reduction methodologies developed in [85–87]. Being based on
the combination of three modern global PDF fits, PDF4LHC21 provides a conservative estimate of current
uncertainties associated to our understanding of proton PDFs. We profile PDF4LHC21 with pseudodata
from various LHC neutrino experiments, and study the stability of the results with respect to variations in
the profiling inputs.

Impact of the FASER⌫ Run III measurements. Fig. 3.1 shows the fractional uncertainties (at the
68% confidence level) at Q2 = 104 GeV2 for the up and down valence quarks, gluon, total quark singlet, and
total strangeness PDFs in the PDF4LHC21 baseline, compared to the results obtained once the FASER⌫
and FASER⌫2 structure functions are added by means of Hessian profiling. In both cases we include charm-
tagged structure functions and assume final-state lepton-charge separation. The FASER⌫ projections are
based on a Run III integrated luminosity of L = 150 fb�1. As indicated by Table 2.2, by the end of Run III,
one expects that FASER⌫ will have recorded around 600 and 1800 electron- and muon-neutrinos respectively
corresponding to deep-inelastic scattering events, of which around 100 and 300 respectively are associated
to charm-tagged events. We display results for the profiling in which the experimental covariance matrix
considers only statistical uncertainties. We restrict the comparisons to the region 10�3

⇠
< x

⇠
< 0.7 covered

by the LHC neutrino experiments (see also Fig. 2.2).
From Fig. 3.1 we find that neutrino DIS measurements at FASER⌫ are unable to improve PDF uncer-

tainties as compared to the baseline scenario encapsulated by PDF4LHC21. The reason is two-fold: the
smaller event rates as compared to FASER⌫2, and the reduced coverage of the (x, Q2) phase space shown
in Fig. 2.1. The di↵erences in PDF sensitivity between FASER⌫ and FASER⌫2 in Fig. 3.1 illustrate the
importance of realising the FPF in order to exploit the full physics potential enabled by LHC neutrinos for
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Figure 3.1. The fractional PDF uncertainties (at the 68% CL) at Q2 = 104 GeV2 for the up and down valence quarks,
gluon, total quark singlet, and total strangeness PDFs in the PDF4LHC21 baseline, compared to the results obtained
once the FASER⌫ and FASER⌫2 structure functions are included in the fit. In both cases we include charm-tagged
structure functions and assume final-state lepton-charge separation. The FASER⌫ projections are based on a Run III
integrated luminosity of L = 150 fb�1.

3.1 Proton PDFs: impact on PDF4LHC21

We begin with the Hessian profiling of the PDF4LHC21 set. This proton PDF set is a Monte Carlo
combination [82, 83] of three global PDF sets, CT18 [29], MSHT20 [30], and NNPDF3.1 [84]. Its Hessian
representations are obtained by means of the reduction methodologies developed in [85–87]. Being based on
the combination of three modern global PDF fits, PDF4LHC21 provides a conservative estimate of current
uncertainties associated to our understanding of proton PDFs. We profile PDF4LHC21 with pseudodata
from various LHC neutrino experiments, and study the stability of the results with respect to variations in
the profiling inputs.

Impact of the FASER⌫ Run III measurements. Fig. 3.1 shows the fractional uncertainties (at the
68% confidence level) at Q2 = 104 GeV2 for the up and down valence quarks, gluon, total quark singlet, and
total strangeness PDFs in the PDF4LHC21 baseline, compared to the results obtained once the FASER⌫
and FASER⌫2 structure functions are added by means of Hessian profiling. In both cases we include charm-
tagged structure functions and assume final-state lepton-charge separation. The FASER⌫ projections are
based on a Run III integrated luminosity of L = 150 fb�1. As indicated by Table 2.2, by the end of Run III,
one expects that FASER⌫ will have recorded around 600 and 1800 electron- and muon-neutrinos respectively
corresponding to deep-inelastic scattering events, of which around 100 and 300 respectively are associated
to charm-tagged events. We display results for the profiling in which the experimental covariance matrix
considers only statistical uncertainties. We restrict the comparisons to the region 10�3

⇠
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⇠
< 0.7 covered

by the LHC neutrino experiments (see also Fig. 2.2).
From Fig. 3.1 we find that neutrino DIS measurements at FASER⌫ are unable to improve PDF uncer-

tainties as compared to the baseline scenario encapsulated by PDF4LHC21. The reason is two-fold: the
smaller event rates as compared to FASER⌫2, and the reduced coverage of the (x, Q2) phase space shown
in Fig. 2.1. The di↵erences in PDF sensitivity between FASER⌫ and FASER⌫2 in Fig. 3.1 illustrate the
importance of realising the FPF in order to exploit the full physics potential enabled by LHC neutrinos for
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DIS kinematics

Projection on proton PDFs (with only stat. unc.)

❖ wide kinematic coverage, but impact 
of FASERν limited by statistics 

❖ next-generation proposals show 
potential strong constraint on PDFs, 
especially for strange quark, also 
possibility on pining down nuclear 
corrections
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Summary
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✦ Neutrino DIS data play important role in development of QCD and still provide key inputs to global 
analyses of proton and nuclear parton distribution functions 

✦ However, combining DIS predictions with other low-Q/non-DIS contributions are crucial for neutrino 
energies of a few tens GeV and below, and much more efforts are needed  

✦ Neutrino DIS cross sections can be well described by perturbative QCD approach within collinear 
factorization, with high precisions due to great efforts from loop calculations, fits of proton PDFs and 
nuclear modifications, even more to expect with future EIC
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✦ However, combining DIS predictions with other low-Q/non-DIS contributions are crucial for neutrino 
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Thank you for your attention!

✦ Neutrino DIS cross sections can be well described by perturbative QCD approach within collinear 
factorization, with high precisions due to great efforts from loop calculations, fits of proton PDFs and 
nuclear modifications, even more to expect with future EIC


