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Abstract We extend the recently presented, fully exclusive,
next-to-leading-order accurate event generator for the simu-
lation of massless neutral- and charged-current deep inelastic
scattering (DIS) to the case of incoming neutrinos. The gen-
erator can be used to study neutrino-nucleon interactions at
(ultra) high energies, and is relevant for a range of fixed-
target collider experiments and large-volume neutrino detec-
tors, investigating atmospheric and astrophysical neutrinos.
The matching with multi-purpose event generators such as
PYTHIA 8 is performed with the POWHEG method, and
accounts for parton showering and non-perturbative effects
such as hadronization. This makes it possible to investigate
higher-order perturbative corrections to realistic observables,
such as the distribution of charged particles. To illustrate the
capabilities of the code we provide predictions for several dif-
ferential distributions in fixed-target collisions for neutrino
energies up to 1 PeV.
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1 Introduction

Neutrinos, together with photons, are the most abundant ele-
mentary particles in the universe. While the properties of
photons are extremely well understood, there are still many
outstanding questions regarding neutrinos. For instance, the
origin and nature of neutrino masses (Dirac vs. Majorana
mass) is not understood, nor is their mass hierarchy (normal
vs. inverted ordering). Furthermore, neutrinos provide a por-
tal to beyond the Standard Model (BSM) physics, making
neutrino experiments at the luminosity frontier sensitive to
such BSM interactions (see e.g. Ref. [1] for a review).

Since neutrinoes interact through the weak force, their
properties are difficult to measure. For this reason, their study
often requires large-volume detectors, which have enabled
the discovery of (ultra) high-energy cosmic neutrinos in
2014, the observation of an astrophysical source of energetic
neutrinos accompanied by gamma-ray emissions in 2018,
and the determination of the oscillation properties of multi-
GeV energy atmospheric neutrinos (see e.g. Ref. [2] for a
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review of these and several recent results). Experiments such
as ANTARES [3], Baikal [4], IceCube [5], and KM3NeT [6],
will continue to extract information on (ultra) high-energy
neutrinos to which their detectors are exposed. Moreover,
a range of proposed next-generation detectors will facili-
tate precise measurements of (ultra) high-energy neutrinos
from atmospheric and cosmic sources. This advancement
will usher in a new era of precision, enabling to probe neu-
trino properties, their interactions, and fundamental symme-
tries at the highest possible energies. Furthermore, this pro-
gramme will be instrumental to discover and characterize
the astrophysical sources of the most energetic cosmic and
gamma-rays.

Additional data opportunities come from high-luminosity
experiments. For example, measurements of neutrino-matter
scattering at collider facilities (e.g. charm production on var-
ious nuclear targets [7–10]) have provided important infor-
mation on hadron structure. Forward-physics facilities such
as SND@LHC [11,12] and FASERν [13–15], are already
taking data and SHiP [16] and the Forward Physics Facility
(FPF) is on the horizon for the HL-LHC [17,18].

A major goal of each of these experiments is to extract
the flavour and energy-dependence of the neutrino flux to
which their detector is exposed. This requires, in addition to a
detailed understanding of the detector, precise knowledge of
the expected differential rates of neutrino-nucleus scattering
and, thus, the associated neutrino-nucleon scattering cross
sections for varying neutrino flavour and energy.

At the large energies under consideration (multi-GeV and
above), the scattering rate of neutrinos with matter is dom-
inated by the deep inelastic scattering (DIS) process. The
role of theory in this context is thus an important one: it pro-
vides a well defined (and rigorously tested) computational
framework, that of collinear factorisation [19], to predict the
differential scattering rates of neutrinos. This framework is
reliable provided the exchanged momentum, Qμ, satisfies
|Q2| � m2

p, mp being the proton mass, and can be applied
across many orders of magnitude in neutrino energy. It relies
on a combination of perturbative QCD ingredients, and of the
knowledge of the universal partonic content of the hadrons
involved in collisions (as extracted from global analyses of
data taken at various hadron-lepton and hadron-hadron col-
lider and fixed-target experiments), see Ref. [20] for a recent
review.

This theoretical framework can be straightforwardly
applied to the case of (ultra) high-energy neutrino-nucleon
scattering by expressing the differential cross-section in
terms of DIS structure functions (see for example the dis-
cussion in Section II of [21]). The structure functions encap-
sulate the strong dynamics of the nucleon as struck by an
exchanged gauge boson, and they can be predicted through
the convolution of parton distribution functions (PDFs) with
a set of perturbatively calculated coefficient functions. The

simplicity of this approach stems from the fact that the struc-
ture functions provide an inclusive description of all QCD
radiation in the scattering process. On the other hand, it is
limited as predicted cross-sections are differential only in
quantities inclusive over QCD radiation, such as the leptonic
momentum transfer Q2 and the Bjorken momentum fraction,
xB. The massless hard coefficient functions that enter into the
structure functions have been computed at 3-loops [22–35].
Following the structure-function approach, dedicated theo-
retical studies of neutrino-nucleon DIS at high energies have
appeared over the years, both at leading-order (LO) [36–39],
next-to-leading order (NLO) [21] and recently at next-to-
next-to-leading order (NNLO) in QCD [40,41]. The impact
of the physics effects due to heavy-quark masses, nuclear
modifications of PDFs, and resummation of small-x contri-
butions has been studied in Refs. [40,41], the role of certain
classes of QED effects has been investigated in Refs. [42–
47], and effects beyond collinear factorisation have also been
discussed [48–53].

Predictions obtained in this way provide an important
benchmark for differential DIS cross-sections in terms of
QCD-inclusive quantities (e.g. distributions of Q2 and xB), as
well as the total cross-section. However, they do not provide
an exclusive description of the radiation which is generated
in the scattering process. This is a significant limitation for
many analyses at current (and future) neutrino experiments
which aim to reconstruct the energy and direction of the
incoming neutrino, and which rely on an accurate description
of the properties of final-state radiation (such as the distribu-
tion of electromagnetically charged and neutral particles) to
do so. Currently, the most widely used tool for the simula-
tion of neutrino-nucleon scattering is the GENIE generator
[54]. Although the tool provides a good description of many
physics effects in DIS, it is not based on a standard matching
of fixed-order and parton showers such as the MC@NLO
[55] or POWHEG [56,57] schemes. The Born level events
are generated according to the structure functions, and then
processed directly by PYTHIA. Consequently although the
lepton kinematics can be described correctly through this
procedure, the final-state radiation cannot.

A step towards overcoming this issue is made in the
current work with the development of an event generator
for the simulation of neutrino-induced massless neutral-
and charged-current DIS based on the POWHEG[56,57]
method. The predictions obtained with this program are
accurate at NLO in QCD and can be matched with a
multi-purpose Shower Monte Carlo generator to provide
a fully exclusive description of the scattering process.
The implementation is based on the existing generator
for charged-lepton induced DIS processes presented in
[58], and has been implemented in the publicly avail-
able framework POWHEG-BOX-RES [59]. The code can
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be obtained from svn://powhegbox.mib.infn.it/trunk/User-
Processes-RES/DIS.

While this paper was being finalised, an NLO accu-
rate event generator implementation for lepton-hadron DIS
was presented [60]. This implementation is based on the
POWHEG-BOX-V2 framework [61], and has a particular
focus on processes with a heavy lepton, such as a tau neutrino,
and/or a heavy charm quark in the final state. We briefly dis-
cuss the differences between the two codes in Sect. 2.4. We
would also like to mention that our Monte-Carlo generator
has been used for a phenomenological analysis of neutrino
scattering at the LHC in Ref. [62].

The structure of the paper is as follows: in Sect. 2 we
summarise the main details of the process implementation
and new features as compared to the existing generator which
describes charged-lepton induced DIS; a validation of the
code for various DIS subprocesses is provided in Sect. 3;
in Sect. 4 we present phenomenological results for several
distributions of charged particles and charmed hadrons for
incident neutrino energies of 105 and 106 GeV. Concluding
remarks are presented in Sect. 5. A complete list of all the
new features in the code, and how to use them, is provided
in Appendix A.

2 Details of the implementation

In this section we discuss the extensions needed to augment
the POWHEG-BOX-RES generator for massless neutral- and
charged-current DIS, presented in Ref. [58], to allow for
the inclusion of initial-state neutrinos and generic (mas-
sive) nuclear targets. The POWHEG-BOX-RES framework
combines NLO-QCD calculations with parton showers (PS)
according to the POWHEG method, and was originally only
designed to handle hadron-hadron collisions. One of the main
novelties of Ref. [58] was the design of new momentum
mappings that preserve the special kinematics of DIS in the
FKS subtraction formalism [57,63] as implemented in the
POWHEG-BOX-RES framework. We note that a detailed
assessment of uncertainties related to technical parameters
specific to the POWHEG-BOX such as those controlling the
damping of real radiation, and the choice of central scale
has been undertaken in Ref. [58]. Since the new features
of our current work for neutrino-induced DIS do not affect
these aspects of the program, we refrain from repeating such
a study here, but refer the interested reader to App. C and
App. D of Ref. [58]. For this study, we consider the same
default parameters as those presented in Ref. [58].

The original generator of Ref. [58] was designed to
describe DIS reactions resulting from the collision of a mass-
less proton with a charged lepton, relevant to interpret data
in the hard scattering domain from, for instance, HERA and

the forthcoming Electron Ion Collider (EIC). It was since
extended to also include polarised beams in Ref. [64].

The extension presented here contains three new major
features: (1) The incoming lepton can now be of any species,
in particular it can be a neutrino or a charged lepton1 (2) The
code can now handle a massive nucleon at rest, of relevance
to fixed-target experiments; (3) A variable flux can be sup-
plied for the incoming lepton beam. The handling of massive
nucleons at rest is described in Sect. 2.1, and a discussion of
how to consistently account for the nuclear target PDFs can
be found in Sect. 2.2. Although in this paper we focus on phe-
nomenological studies of neutrino beams with fixed energy,
we discuss how to include a variable flux in Sect. 2.3. Finally
in Sect. 2.4 we comment on our momentum mappings and
how mass effects are approximately included.

2.1 Fixed-target experiments

By default, the POWHEG-BOX-RES can only handle colli-
sions of massless beams. In this section we therefore describe
how to perform fixed-target collisions, using a set of mass-
less beams. Denoting the energies of two massless col-
liding beams in the laboratory frame by E1 and E2, the
POWHEG-BOX builds the four-momenta of the beam par-
ticles as follows:

kbeam,1 = {E1, 0, 0,+E1} ,

kbeam,2 = {E2, 0, 0,−E2} . (1)

These four-vectors are then used to construct the momenta
of the incoming elementary fermions entering the scattering
process.

To account for the collision of a beam of massless particles
of energy E with a fixed target nucleon (i.e. proton or neutron)
of massm we extend this approach by effectively treating the
nucleon as massless.

In the fixed-target frame the true momenta are given by the
lepton beam momentum, P1, and the fixed target momentum,
P2,

P1 = {E, 0, 0, E} ,

P2 = {m, 0, 0, 0} . (2)

From these momenta we obtain a centre-of-mass energy,
ECM, via

E2
CM = (P1 + P2)

2 = 2mE + m2. (3)

We then trivially observe that if we pick E1 = E2 = ECM/2
in Eq. (1) we can construct a set of massless momenta that

1 In Ref. [58] only charged; leptons were taken into account. Neutrino-
induced DIS was not supported in the original code release described
in that reference.
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coincide with the centre-of-mass frame of the fixed-target
collision. Now consider the boost from the centre-of-mass
frame to the true fixed-target frame. Applying this boost to
our newly constructed massless momenta we can construct
massless beam momenta in Eq. (1) where the energies of the
beams are set to

E1 = E + m/2, E2 = m/2. (4)

Both the massless centre-of-mass and massless fixed-target
momenta satisfy kbeam,1+kbeam,2 = P1+P2 by construction,
but do not preserve the mass of P2. In practice we expect the
massles construction to be reliable as long as m/E � 1. The
two sets of momenta result in equivalent predictions, since
they are related by a boost, but in practice we find that using
the centre-of-mass momenta is numerically more stable for
ultra-high energy collisions (E/m � 105 −106). We provide
both options in the code, as described in Appendix A.

We note that when interfacing the events to the parton
shower, e.g. PYTHIA 8, the actual mass of the nucleon is
restored while retaining the centre-of-mass energy of the two
beams, thereby restoring the correct kinematics.

2.2 Nucleon targets

When considering lepton scattering off the nucleons of a
bound nucleus, it is important to differentiate whether the
nucleon target is a proton or a neutron. This distinction is rel-
evant for the eventual matching to the parton shower, where
the quantum numbers of the nucleon remnant must be known.
The selection of the nucleon type in the powheg.input
file can be made by setting the integer ih2, as described in
Appendix A. For the selection of a neutron, we provide the
option to either directly use neutron PDFs, or to instead pro-
vide a set of proton PDFs which the program then internally
converts via an isospin transformation. The latter option has
been added because some nuclear PDF fitting groups (which
assume isospin symmetry) provide the nuclear PDFs in the
format of average bound proton PDFs.

Taking as an example the scattering of neutrinos with H2O
molecules, the total cross section is given by

σH2O
ν = 2σ p

ν + Zσ p/O
ν + (A − Z)σ n/O

ν , (5)

where σ
p
ν , σ p/O

ν , and σ
n/O
ν are the cross sections for free pro-

tons, bound protons and bound neutrons, respectively, and
Z = A − Z = 8 for oxygen. In this case one has to per-
form three different runs: The first run using free protons,
the second using bound protons, and the third using bound
neutrons. For both the bound protons and neutrons one should
use nuclear PDFs. The final showered result is then given by
combining these three runs according to the above equation.

When considering scattering on a single nucleus (such as
oxygen), one could generate events using a PDF which is the
appropriate admixture of protons and neutrons in the target
nucleus. This would then require two instances of the parton
shower – one for the proton and one for the neutron – that
one selects event by event with the probability determined
by the relative fraction of the PDFs for protons and neutrons
in the nucleus. For an extension of the PYTHIA 8 Monte
Carlo event generator that enables the simulation of colli-
sions between a generic hadron beam on a generic nuclear
target see Ref. [65]. That work combines the extension of
PYTHIA 8 to deal with heavy ion collisions [66], and the
extension to collisions of a varying hadron beam on a proton
target [67].

2.3 Variable neutrino flux

By default, we consider a monochromatic incoming lepton
flux. To account for the typical environment of a neutrino-
induced DIS process our new implementation addition-
ally provides an option for a realistic neutrino flux. The
user can implement a realistic flux by modifying the func-
tion pdf_lepton_beam, which is contained in the file
lepton_flux.f. If importance sampling associated with
the lepton’s energy fraction is required, the user can mod-
ify the function sample_x_lepton, also contained in the
same file. This function builds the lepton’s energy fraction
given a random number.

The correct modeling of such a flux depends on the specific
experiment and goes beyond the scope of this publication. A
detailed study for SND@LHC, FASERν, and the planned
FPF experiments FLArE and FASERν2, using our code and
framework, has been presented in Ref. [62].

2.4 On the momentum mappings, mass effects and possible
extensions to more complex processes

In Ref. [58] we introduced new momentum mappings, focus-
ing on the fully massless case, and used them to implement
a DIS generator in the POWHEG-BOX-RES framework. A
POWHEG-BOX-V2 generator was presented in Ref. [60],
where such mappings have been generalised to account for
an explicit lepton-mass dependence. This mass dependence
can be relevant when studying processes involving τ lep-
tons for Q values not much higher than the mass of the τ

lepton, as probed by the FASERν and SHiP experiments.
Additionally, the initial-state map of Ref. [60] supports heavy
coloured final-state particles. In Ref. [60] there is no dedi-
cated treatment of the collinear singularities associated with
the emissions from a final-state heavy quark. This would
have required an extension of the work of Refs. [68,69] to
the DIS case. Instead, contributions associated with emis-
sions collinear to a heavy quark, as well as power-suppressed
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terms, are included at fixed-order accuracy as a separate
regular contribution, involving potentially large mass loga-
rithms. Therefore, when the centre-of-mass energy becomes
very large relative to the relevant quark masses – as is the
case in (ultra) high-energy neutrino collisions – the mass-
less QCD calculation, available in both codes, has to be pre-
ferred. Indeed we stress that, even in the massless approxima-
tion, when generating radiation in POWHEG, mass thresholds
for the heavy-quarks are present so that the leading mass-
logarithms associated with collinear final-state emissions are
included to all orders. Therefore, in POWHEG events, radia-
tion with a transverse momentum smaller than the mass of
the emitting quark is vetoed, effectively mimicking a dead
cone. Furthermore, we also stress that even for calculations
where final-state quarks or leptons are treated as massless in
the matrix-elements, the generated momenta of the POWHEG
events are reshuffled to include finite masses and that the sub-
sequent parton shower is fully aware of mass effects, includ-
ing the correct decays of τ leptons.

We also note that, in the massless limit, the maps of
Refs. [58,60] as well as the handling of final-state radia-
tion are identical. For initial-state radiation instead, while
the kinematic map is the same, they differ in the definition
of the POWHEG hardness parameter away from the soft and
collinear limits. Denoting by ξ and y the energy-fraction and
the cosine of the emission angle and by s̄ the centre-of-mass
energy of the underlying Born, the two definitions are given
by

tISR = ξ2

2 − ξ(1 + y)
s̄(1 − y), in Ref. [58], (6)

tISR = ξ2

2(1 − ξ y)
s̄(1 − y), in Ref. [60]. (7)

It is evident that the two definitions are identical in the soft
(ξ → 0) and in the collinear (y → 1) limits. We thus con-
clude that the two codes have the same formal accuracy. Dif-
ferences are beyond NLO and the parton shower logarithmic
accuracy and can arise in regions where radiation is hard.
Ambiguities in the treatment of hard radiation in our imple-
mentation have been studied in Ref. [58] (c.f. Appendix D).

We have performed a tuned comparison of our generator
and that of Ref. [60] at NLO and matched to PYTHIA 8. We
find agreement for both the inclusive distributions considered
in Sect. 3 as well as the exclusive distributions considered
in Sect. 4 typically at the per-mille level, and well within
scale uncertainties. In the tails of distributions, agreement
is found within the statistical uncertainties of the generated
event samples. A detailed comparison of the two generators
will be presented in a future publication with involvement of
the authors of Refs. [60,62].

ThePOWHEG-BOX-RES framework, specifically design-
ed to handle hadronic scattering processes that contain decay-

ing resonances and thus require the inclusion of radia-
tive corrections not only in the production, but also in the
decay process, is particularly well-suited for extending our
approach to other processes relevant for the phenomenol-
ogy of hadron-hadron collisions, as well as including elec-
troweak corrections in DIS. In particular, for processes such
as vector boson fusion or vector boson scattering, that can
be modelled as generalised two-fold DIS processes, the
POWHEG-BOX-RES framework is best suited to handle the
two hadronic sub-sectors with a factorised approach. A dis-
cussion on the connection of DIS and vector-boson fusion
processes can be found in Ref. [58].

In this sense, our POWHEG-BOX-RES implementation of
the genuine DIS process provides a stepping stone towards
the development of suitable generators for such more com-
plex hadron-hadron collision processes.

It is also more straightforward to include soft photon emis-
sions connecting the leptonic and the hadronic sectors of
the DIS process in the POWHEG-BOX-RES framework. This
feature will be essential for the inclusion of electroweak cor-
rections in the generator.

3 Fixed-order validation

To validate our new implementation, we perform a compar-
ison with existing fixed-order predictions for selected DIS
processes where a neutrino is scattering off an oxygen target.
Specifically, we compute the quantity

σ i/O
ν = Z/A σ p/O

ν + (A − Z)/A σ n/O
ν , (8)

which is the per-nucleon cross-section for an (isoscalar) oxy-
gen target.

In our work, we have used the set of nuclear PDFs
nNNPDF30_nlo_as_0118_p_O16 [70], which is pro-
vided in a variable flavour number scheme (nmax

f = 5) and
is expressed in terms of average bound-proton states. We
note that top quark contributions to DIS are expected to be
negligible below neutrino energies of about 1 PeV. If higher
energies are considered, the inclusion of the top-quark con-
tributions could become relevant for the CC process, see Ref.
[71]. We generated separately a sample for proton (p) and
neutron (n) targets as described in Sect. 2.2. The neutron
PDF is obtained from the proton one using isospin relations,
as described in Appendix A. The central renormalisation μR

and factorisation scales μF are set to the momentum transfer
Q. Scale uncertainties are estimated by performing an inde-
pendent variation of μR and μF by a factor 2 up and down,
subject to the constraint 1/2 ≤ μR/μF ≤ 2. We impose
a lower cutoff on Q of Qmin = 2.0 GeV which ensures the
PDFs and the strong coupling αs are never evaluated at scales
below 1.0 GeV. We note that for neutrino energies larger
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than 1 TeV, the contribution stemming from the Q < 2 GeV
region is negligible [40]. For smaller energies, one has to rely
on other techniques to extract the structure functions, such
as data-driven approaches.

For the masses and widths of the electroweak gauge
bosons we start from the on-shell values given in the PDG
[72]

mOS
W = 80.3770 GeV, Γ OS

W = 2.085 GeV,

mOS
Z = 91.1876 GeV, Γ OS

Z = 2.4955 GeV, (9)

and convert them to the pole values as described e.g. in Ref.
[73], which are then used as input values for the simulations.
For the Fermi constant and the weak mixing angle we use

GF = 1.1663787×10−5 GeV−2. sin2 θW = 0.2316. (10)

The value of electromagnetic coupling α is derived from
these parameters as α = √

2/πGFm2
W sin2 θW . For the

charged current process this effectively implies the replace-
ment α/ sin2 θW → G2

Fm
2
W when evaluating the squared

amplitude. This choice ensures the resummation of the lead-
ing universal electroweak corrections [74]. A similar replace-
ment also takes place for the neutral current process, while
additional dependencies on sin2 θW appearing in the squared
amplitude are described by our chosen value of sin2 θW
(which is fixed to the measured effective weak mixing angle).
This approach provides an accurate normalisation of the cou-
plings, and ensures that the measured on-shell values of the
boson masses enter the propagators for both the charged and
neutral current processes we are describing.

For the entries of the Cabibbo–Kobayashi–Maskawa
matrix we have used the following values

Vud = Vcs = 0.97446,

Vus = Vcd = 0.22456,

Vtb = 1 (11)

with all other entries zero , which assume unitarity for the
first two generations.2

The fixed-order predictions are provided at both NLO and
NNLO, and have been obtained using the implementation
from [40], which relies onAPFEL [75] for the computation of
the DIS structure functions up to NNLO [23–26,29]. In each
case the same NLO accurate nuclear PDF set specified above
is used. In doing so, we are able to focus on NNLO correc-
tions stemming from the hard matrix element whenever we
compare NLO to NNLO results. We note that NNLO nuclear
PDFs are available [76–78], although the current constraints
in the small-x region of these sets is limited. Potential infor-
mation gained from a comparison of NLO and NNLO cross-

2 We remind the reader that top quarks in the final-state are not included.

sections at high neutrino energies evaluated consistently with
NLO and NNLO PDFs is thus limited for the same rea-
son. The structure functions have been benchmarked against
Hoppet [79,80] and the fixed-order predictions have been
cross-checked against predictions from disorder [81,82].

In the following we denote by LO+PS and NLO+PS
predictions at LO and NLO, respectively, matched to par-
ton shower. For the NLO+PS predictions shown below we
interface our POWHEG-BOX-RES implementation (rev.
4060) to PYTHIA 8.308 [83], with default settings (Monash
tune [84]), and we use the simple shower with fully-local
recoil option [85]. For the results presented in this section,
QED radiation and hadronization effects are not included.
We note that there is no dedicated DIS tune in PYTHIA, and
therefore decided to use the default tune.

We have performed comparisons of cross sections dif-
ferential with respect to the DIS variables Q2 and xB with
different neutrino energies for both charged current (CC) and
neutral current (NC) processes in the case of either incoming
neutrinos or antineutrinos for the scattering off an oxygen
target at rest, i.e. the reactions νeO → e−X , ν̄eO → e+X ,
νeO → νe X , and ν̄eO → ν̄eX , where X denotes the unre-
solved hadronic final state of the DIS reaction. We show
explicit results for the selected processes νeO → e−X and
νeO → νeX in Fig. 1 and Fig. 2, respectively. In both cases
we consider fixed-target collisions with a neutrino energy of
Eν = 0.1 PeV, corresponding to a neutrino-nucleon centre-
of-mass energy of

√
s = 431.74 GeV. In Figs. 1 and 2 we

show the differential results with respect to ln(Q2/GeV2)

(left panel) and ln(xB) (right panel) for CC and NC, respec-
tively. For the LO+PS, NLO+PS and NNLO predictions, we
show scale variation uncertainties, while statistical errors are
much smaller and not shown here. NLO scale variations are
not shown, as they are effectively identical to the NLO+PS
ones.

We observe that at low-to-moderate values of Q2, within
the given scale uncertainties, the fixed-order NLO predic-
tions agree with the NLO+PS results and are very similar
to the LO+PS results. Obviously, the impact of higher-order
corrections is small on this observable. For the Bjorken vari-
able we find agreement between the NLO and the NLO+PS
results, as expected for this inclusive quantity. Technically
we expect the agreement between NLO and NLO+PS to be
near-perfect, as the shower without QED radiation preserves
the lepton momenta. However, as discussed in Sect. 2.4, the
POWHEG-BOX performs a small momentum reshuffling to
account for the finite quark and lepton masses, and addi-
tionally, as was discussed in Sect. 2.1, at event level the
nucleon mass is restored. This reshuffling has a tiny impact
on the Q2 and xB distributions, as was also discussed in
Ref. [58]. In practice, when looking at inclusive observables
such as dσ/dQDIS, the effect of the reshuffling is invisi-
ble for QDIS > 5 GeV, and of the order of 1 permille for
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Fig. 1 Differential cross-section (per-nucleon) for the charged-current
scattering of a neutrino νe of energy Eν = 0.1 PeV on oxygen, with
respect to ln(Q2/GeV2) (left) and ln(xB) (right) at LO+PS (green),
NLO+PS (blue), pure NLO (violet) and NNLO (red). The widths of the

bands indicate scale uncertainties estimated by a 7-point variation of μR
and μF by a factor of two around the central value Q (not shown for the
NLO curve). The lower panels show ratios to the respective NLO+PS
results with μR = μF = Q

Fig. 2 Analogous to Fig. 1 for the neutral current process νeO → νe X

1 GeV < QDIS < 5 GeV. This low-Q region is, however,
strongly suppressed in neutrino DIS, so it gives rise to a neg-
ligible contribution even to the flavoured observables that we
show, as they are integrated over QDIS.

It is worth noticing that the NLO+PS result is not always
contained within the scale variation band of the LO+PS
result. The perturbative uncertainties of the LO+PS result
are not expected to be fully covered by a standard scale vari-
ation, as at this order only μF can be varied, while μR does

not even enter. On the other hand, we see that the NNLO
prediction is fully contained within the scale variation band
of the NLO+PS prediction, thereby establishing confidence
in the reliability of our prediction.

In addition to the differential validation, we also report
results for the per-nucleon cross section, with a cut Q ≥ 2
GeV, obtained up to NNLO accuracy in Table 1 for Eν = 0.1
PeV and Table 2 for Eν = 1 PeV. The results are given for
a selection of processes and (anti)-neutrino energies. The
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Table 1 Total cross-section with the cut Q > 2 GeV for a selection
of DIS processes with a (anti-)neutrino of energy Eν = 0.1 PeV at
NLO+PS and NNLO accuracy. The quoted uncertainties are due to

scale variation. For the NLO+PS results we also indicate the size of the
PDF uncertainties in the second entry

Process NLO+PS (pb) NNLO (pb)

Cross-sections with the cut Q > 2 GeV for Eν = 0.1 PeV

νeO → e−X 200.68+2.87
−3.53 (scales) +2.68

−3.29 (PDFs) 197.92+1.21
−1.02 (scales)

ν̄eO → e+X 168.32+2.73
−3.34 (scales) +2.64

−3.34 (PDFs) 165.73+1.16
−0.99 (scales)

νeO → νe X 75.97+1.25
−1.39 (scales) +0.76

−0.91 (PDFs) 74.81+0.44
−0.41 (scales)

ν̄eO → ν̄e X 64.85+1.21
−1.33 (scales) +0.78

−0.82 (PDFs) 63.75+0.42
−0.40 (scales)

Table 2 Analogous to Table 1, now for Eν = 1 PeV

Process NLO+PS (pb) NNLO (pb)

Cross-sections with the cut Q > 2 GeV for Eν = 1 PeV

νeO → e−X 624.49+14.14
−16.44 (scales) +15.26

−15.42 (PDFs) 613.42+5.02
−3.70 (scales)

ν̄eO → e+X 598.05+14.00
−16.33 (scales) +15.81

−15.90 (PDFs) 587.09+4.99
−3.68 (scales)

νeO → νe X 258.59+6.48
−7.11 (scales) +5.67

−5.69 (PDFs) 253.61+2.06
−1.61 (scales)

ν̄eO → ν̄e X 248.73+6.43
−7.07 (scales) +5.82

−5.58 (PDFs) 243.78+2.05
−1.60 (scales)

central prediction and the uncertainty due to scale variations
are shown in each case. It has been checked that the NLO
entries obtained with this generator (labelled as NLO+PS)
reproduce exactly, including scale variations, the NLO results
based on the structure function computation. For that reason
we only show the NLO+PS results. We have additionally
reported the uncertainties due to the nuclear PDFs computed
at NLO. Typically these uncertainties are in the range of (1–
2)% and are similar in size to those of the scale uncertainties
at NLO. Finally, we note that the structure functions are non-
zero below Qmin (and hence so is the cross-section), but the
description of this region goes beyond the applicability of
collinear factorisation. Alternative (data-driven) approaches
exist to describe the low-Q region, see for example [86–90]
and, more recently, Ref. [91].

As an additional comment, while we have shown the
results of the validation for neutrino energies of Eν =
0.1 PeV and Eν = 1 PeV, it is possible to also run the event
generator at larger neutrino energies. For example, we found
that event generation with a neutrino energy of Eν = 103 PeV
(corresponding to a centre-of-mass energy of ≈ 40 TeV)
poses no issues of numerical stability. That can be achieved
by generating events in a setup with symmetric beam ener-
gies (see the discussion in Appendix A). That energy range is
considered to be at the very reach of next-generation detector
setups (see for example Ref [92]), and therefore we expect
the generator to also be applicable in that region. We note that
at such high energies additional physics effects, beyond those
described by massless NLO QCD, can be relevant. For exam-
ple the treatment of small x logarithms, top quark production
(and associated mass effects), coherent neutrino scattering,

and knowledge of (nuclear) PDFs at small x values become
relevant. The impact of these various effects have been dis-
cussed in, for example, Refs. [21,40,71].

4 Phenomenological results

As highlighted in Sect. 1, a major advantage of the NLO+PS
simulation over the NLO predictions is that they enable
a fully exclusive simulation of final-state radiation while
retaining the NLO accuracy of the hard scattering process.

Such an exclusive description is necessary for genuine
simulations of the scattering process including the distri-
butions of (stable) final-state particles. This is critical for
experimental analyses which aim to reconstruct the four-
momentum of the incident neutrino and hence require a reli-
able description of both charged and neutral final state parti-
cles. For example, a reliable description of the distributions of
these particles plays a role in experimental extractions of the
energy dependence of the observed neutrino flux on Earth and
can additionally can provide better pointing resolution when
searching for sources of cosmic neutrinos. Recent measure-
ments of the flux of astrophysical neutrinos have achieved
a precision of the order of (10–20)%, see for example [93].
While there are many sources of (systematic) experimental
effects and low statistics which limit the accuracy of these
measurements, it is not unreasonable to anticipate improve-
ments in the coming years: increased statistic and improved
analyses techniques at current experiments, as well as the
potential of future large volume detectors. With this in mind,
it would be interesting to assess how important the inclusion
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of NLO-QCD corrections in simulations of the signal pro-
cess are for experimental analyses (both in terms of reduced
theory uncertainties and changes in the shapes of relevant dis-
tributions). Such an analysis should take into account many
considerations, to name a few: the energy and direction of
the incident neutrino with respect to the detector volume,
the location of the collision point (which could be within or
outside the instrumented volume of the detector), the detec-
tor response to the produced charged particles (which also
depends on where the collision takes place). A reliable anal-
ysis of this type can only be undertaken by the experimental
collaborations (which will be possible in the future with the
public release of the code presented in this work).

Instead in the following we consider full particle level
predictions obtained with our NLO+PS generator interfaced
to PYTHIA 8 obtained at a fixed neutrino energy and we
do not account for detector effects. These simulations will
demonstrate how the NLO-QCD corrections impact a num-
ber of distributions which are relevant for experimental anal-
yses. For this we use the same PDFs, scale settings, and
electroweak input parameters specified in Sect. 3, but we
also include QED radiation and hadronization effects in the
PYTHIA 8 simulation, which allow us to provide predictions
for the production of hadrons, and to investigate properties of
their distributions. We note that the inclusion of QED correc-
tions can have important consequences for the description of
charged-lepton based observables (see the recent discussion
in Ref. [94]), and that the leading corrections are naturally
included (and resummed) by the parton shower in the fol-
lowing. Specifically, we consider fixed-target collisions on
oxygen nuclei for electron neutrinos with energies of 0.1 and
1 PeV, which are primarily relevant for analyses aiming to
measure the flux of cosmic neutrinos.

4.1 Particle multiplicities

Water-based detector concepts rely on observing the Cherenkov
radiation pattern generated by charged particles in the detec-
tor volume. An accurate modelling of particle multiplicities
in such scattering events is therefore critical. Charged parti-
cle multiplicities, as well as the ratio of charged to neutral
particle multiplicities are shown in Fig. 3 for νe-induced CC
and NC DIS at Eν = 0.1 PeV, (upper and middle panels),
and CC DIS at Eν = 1 PeV (lower panels). The multiplicity
distribution at Eν = 0.1 PeV peaks for a number of charged
particles, nch, of about 18 in both the CC and NC cases. At
Eν = 1 PeV the peak is shifted to around nch = 22.

As a consequence of charge conservation, an odd (even)
number of charged particles is generated in CC neutrino scat-
tering off protons (neutrons). Furthermore, because of the dif-
ferent flavour composition and associated PDFs of these two
types of target particles, the absolute scattering rate is differ-
ent for CC on a proton and on a neutron. The combination of

these effects leads to the observed “oscillatory” behaviour for
the nch distributions. This feature is slightly less pronounced
at higher neutrino energies, as the contribution from PDFs
at smaller values of x , where the isospin asymmetric con-
tribution of valence quarks is less important, becomes more
relevant. We note that the ratio nch/nneut peaks at smaller val-
ues for the NC process. Generally, we observe a reduction of
scale uncertainty when including NLO corrections and con-
siderable shape changes induced by NLO effects which are
outside the LO scale uncertainty band, both for the charged
particle multiplicities, as well as the ratios. When considering
higher neutrino energies we notice that the charged particle
multiplicity increases, as expected, and that the NLO correc-
tions are becoming yet more pronounced and the theoretical
uncertainty stemming from scale variation increases.

It is interesting to note that the centre-of-mass energies
considered here are comparable to those of the HERA col-
lider. Our NLO+PS implementation opens up the opportu-
nity for the re-tuning of event generators such as PYTHIA 8,
which could be relevant given the large impact of NLO+PS
corrections on particle multiplicities.

4.2 Energy-based distributions

In Fig. 4 we compare the predictions for the energy of the
hardest charged particle, E1,chg, and the mean charged par-
ticle energy, 〈Echg〉, as predicted at LO+PS and NLO+PS
accuracy. We notice that these energy distributions are gen-
uinely different for the CC and NC cases. This is due to
the fact that in the CC case the outgoing lepton contributes
to both distributions, while this is not the case for NC. For
this reason, NLO corrections turn out to be moderate in the
CC case, which is dominated by the lepton kinematics, but
considerable for NC. We note that, generally, for the determi-
nation of E1,chg and 〈Echg〉 all charged particles (i.e. hadrons
and leptons) are taken into account. If, however, the outgo-
ing charged lepton is not included in the definition of E1,chg

or 〈Echg〉 in the CC case, it is observed that the resultant
distributions (and the behaviour of the NLO corrections) are
similar to those of the NC case. Like for the case of the parti-
cle multiplicity, the LO scale uncertainty band significantly
underestimates the size of higher-order effects as it does not
overlap with the NLO band in the majority of the phase space.
When going to higher energies (plots (e) and (f)), the peaks
of the distributions move accordingly and we find that, as for
particle multiplicities, NLO corrections become more pro-
nounced.

4.3 Charm production

It is also interesting to investigate the effect of QCD correc-
tions on D-meson distributions. This is relevant as, through
semi-leptonic decays, D-mesons provide a source of ener-
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Fig. 3 Charged particle multiplicity distribution (left) and multiplicity
ratio between charged and neutral particles (right) obtained at NLO+PS
(blue) and LO+PS (green) accuracy for neutrino induced CC DIS, pan-
els (a), (b), and NC DIS panels (c), (d), on an oxygen target with a
neutrino energy of Eν = 0.1 PeV, and for CC DIS with Eν = 1 PeV,

panels (e), (f). The widths of the bands indicate scale uncertainties esti-
mated by a 7-point variation of μR and μF by a factor of two around the
central value Q. The lower panels show ratios to the respective NLO+PS
results with μR = μF = Q
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Fig. 4 Similar to Fig. 3, but for the energy of the leading charged particle, E1,chg, (left) and the mean charged particle energy 〈Echg〉 (right)
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Fig. 5 D-meson energy distributions at NLO+PS (blue) and LO+PS
(green) accuracy for neutrino induced CC (left) and NC (right) DIS with
a neutrino energy of Eν = 0.1 PeV, panels (a), (b), and Eν = 1 PeV,
panels (c), (d). The widths of the bands indicate scale uncertainties esti-

mated by a 7-point variation of μR and μF by a factor of two around the
central value Q. The lower panels show ratios to the respective NLO+PS
results with μR = μF = Q

getic muons which can mimic a starting track signature sim-
ilar to that arising from muon-neutrino induced CC. As dis-
cussed in Sect. 2.4, despite being based on a purely massless
calculation, once interfaced to a parton shower, our event
generator is well suited to describe DIS processes involving
heavy quarks if their mass is much smaller than Q, as consid-
ered in this section. In fact, at the considered neutrino ener-
gies, the typical Q2 value which dominates the cross-section
is far in excess of the charm quark mass (i.e. |Q2| 
 m2

c),
as shown in Fig. 1a. In such a kinematic regime a massless

approach to describing the scattering process is the appro-
priate one, and ensures a resummation of the logarithmically
enhanced terms in both the initial and final-state.

We consider here the production of stable D-mesons at
LO+PS and NLO+PS accuracy, where the D-mesons are pro-
duced using the hadronization feature ofPYTHIA 8. In Fig. 5
we present the distribution of the D-meson energy, ED , in the
CC and NC cases, respectively. We find that in the CC case
NLO corrections are moderate for low energies, but become
large for high values of ED , where the cross section peaks.
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The CC case is dominated by scattering off d- and s-quark
distributions, while NC involves primarily a c-PDF, which is
generated perturbatively and has a large factorization scale
dependence. For this reason, for NC DIS the scale uncertain-
ties are larger than in the CC case. These are substantially
reduced at NLO. In each case, the NLO corrections are essen-
tial for a reasonable description of the shape of the energy
distribution.

5 Conclusions

This work presents a number of extensions to the simula-
tion of neutral- and charged-current deep inelastic scatter-
ing (DIS) [58] in the POWHEG-BOX-RES. First, the code
has been extended to accommodate an incoming neutrino
beam. Second, the incoming lepton is no longer required to
be monochromatic, as in standard high-energy DIS exper-
iments. Instead, any incoming lepton flux can be included.
Moreover, an option is provided to straightforwardly account
for the kinematics of fixed-target experiments. Furthermore,
more flexible options for the nuclear targets are now sup-
ported.

With the new implementation we have provided sample
results for fiducial cross-sections, standard DIS variables, as
well as neutral and charged particle distributions for various
neutrino-induced DIS processes. In our sample numerical
analyses we put a particular focus on the kinematic regime
relevant for the investigation of cosmic neutrinos with the
IceCube detector. We note, however, that our program is not
restricted to this application, but can be employed for the
simulation of any neutrino-induced DIS process. In general,
we find that an NLO+PS simulation is necessary to achieve
theory uncertainties below approximately 10%.

The code, along with the new features discussed in this
article, is publicly available via the POWHEG-BOX-RES
repository. The reliance on the POWHEG-BOX-RES frame-
work, which is well-suited for describing complex reactions
involving multiple competing and interfering sub-processes,
will enable us to further improve the description of hadron-
collider processes such as vector boson scattering and vec-
tor boson fusion, going beyond what is already available
in POWHEG-BOX-V2. These reactions can be described as
(generalized) two-fold DIS processes, and are highly rele-
vant for the phenomenology of the Large Hadron Collider.
Additionally, our approach paves the way for the simulation
of electroweak corrections in DIS consistently accounting
for photon radiation in the hadronic and leptonic sectors.
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Appendix A: DIS process selection

In this appendix we summarise inputs that can be used to
select the process and settings in the powheg.input file,
which are specific to the DIS case.

Lepton beam. The flavour of the incoming lepton must be
specified using ih1 int, where the integer number int is
the identifier of the desired lepton in the Particle Data Group
numbering convention [72].

The energy of the lepton beam must be specified using
ebeam1 doublewith a double-precision numberdouble.
By default the code assumes a fixed lepton energy. To use a
variable flux add the option

fixed_lepton_beam 0, (see Sect. 2.3 for more
details). A variable flux should be provided in terms of
a boost-invariant energy fraction, of the lepton beam with
respect to the maximum energy available.

Hadron beam/target. The selection of the nucleon type
in the powheg.input file must be chosen by setting the
value of int inih2 int. We currently support protons and
neutrons. To that end the following options are available:

ih2 1 #proton target, input proton PDF
ih2 2 #neutron target, input proton PDF
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ih2 22 #neutron target, input neutron
PDF

Depending on the selection for ih2, the PDF specified via
the entry lhans2 according to the numbering scheme of the
LHAPDF repository [95] is interpreted either as a proton or
a neutron PDF.3

The energy of the hadron is selected via the mandatory
entry ebeam2 double. By default, the code assumes that
the hadron beam is massless, with a longitudinal momentum
equal to its energy. For fixed-target collisions, one has to add
the option

fixed_target 1

In this case the value of the entry for ebeam2 is interpreted
as the mass of the nucleon (i.e. proton or neutron).

Hard process selection. Both CC and NC processes can
be simulated within our framework. To select the desired
channel (for a given type of lepton beam, as specified by the
value of ih1), one can use the following option

channel_type int

with int=3 for CC, and int=4 for NC. In case of charged-
lepton induced NC DIS, the boson exchanged in the t-channel
has to be specified using vtype with

1. vtype 1 # photon exchange only
2. vtype 2 # Z exchange only
3. vtype 3 # photon+Z exchange

Generation cuts. The user must specify cuts on the DIS
invariants Q2, xB and yDIS = Q2/(xBS), with S = (P1 +
P2)

2. The values of Qmin and Qmax are supposed to be pro-
vided in units of GeV. For example, to probe all the available
phase space, one should set

Qmin 1d0
Qmax 1d8
xmin 0d0
xmax 1d0
ymin 0d0
ymax 1d0

where Qmax has been set to a value much larger than the
center-of-mass energy. We stress that Qmin = 1 GeV is the
lowest value accepted by the code, since the validity of a
perturbative QCD approach to describe the cross section is
no longer guaranteed for small Q2.

We note that it is possible to fix up to 2 of these variables
by setting the minimum and maximum values equal to each

3 lhans1 must be set to the same value as lhans2, even if not used,
in case the PDF implementation of the running of the QCD coupling
constant (alphas_from_pdf 1) is to be used.

other. In any case, the code will never generate events outside
the physically allowed bounds.

Final-state particles masses. Notice that all particles
entering the hard process are treated as massless in our NLO
calculation. As in most POWHEG-BOX implementations, a
small reshuffling of the momenta can be applied when gen-
erating events, so as to give a finite mass to all the final-state
massive particles. The mass of the charged leptons and of the
heavy quarks can be specified, e.g. using

electron_mass 0.51099891d-3
muon_mass 0.1056583668d0
tauon_mass 1.77684d0
charm_mass 1.5d0
bottom_mass 4.5d0

The numbers chosen in this example correspond to the default
values. More comments on how mass effects are approxi-
mately included in our generator are given in 2.4.

Appendix B: Charm mass effects

The presented calculation and implementation in this work is
made available for massless quarks. In Sect. 4 we have per-
formed a study of the rate of D-hadron production in both CC
and NC DIS processes, with results presented in Fig. 5. As
neutrino energies in the multi-TeV and PeV range have been
considered, the bulk of the cross-section arises from a kine-
matic region in which the value of the momentum exchange
Q2 is typically large compared to the charm quark mass
(Q � m), and hence a massless approach is then appropriate
as the resummation of logarithmic corrections involving the
quark mass is preferential to keeping exact knowledge of the
mass effects at fixed-order accuracy (where in the latter case
resummation effects of the charm quark mass are not taken
into account).

For smaller neutrino energies (and hence overall smaller
lepton-hadron centre-of-mass energies) this assumption may
not be qualified, and use of a massive calculation may be
more appropriate when considering studies of charm quark
production.

To better quantify the energy range in which this happens,
in the following we include a fixed-order study of charm
quark production at NLO-QCD accuracy focussing on the
role of the logarithmic and of the power-corrections to the
cross-section in CC neutrino-proton scattering. The results of
this study are shown in Fig. 6, where the relative contribution
of the power corrections (labelled as O(m2)) and of the log-
arithmic corrections (labelled as “Ln(m)”) to the total charm
production cross-section are shown. The normalisation is that
of the massive NLO cross-section to produce a charm quark,
and the ratios are shown as a function of Eν . The same set of
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Fig. 6 The relative impact of the logarithmic (purple, dashed) and
power correction contributions (red, solid) to the massive NLO accurate
charm quark production rate in neutrino-proton collisions. The shown
results are obtained for the scale choice μ = √

m2
c + Q2

input parameters as discussed in Sect. 3 are used. The value
of the charm-quark mass is set to mc = 1.5 GeV.

This study confirms that the impact of charm quark power
corrections is negligible to the total cross-section for neu-
trino energies in excess of the TeV range (here consider-
ing fixed-target collisions). Instead the logarithmic correc-
tions are dominant, and their resummation (achieved by the
massless computation) is the justified approach. At energies
Eν ∼ TeV the logarithmic corrections and power corrections
are of similar size and the inclusion of power corrections (as
provided by the massive calculation) becomes relevant.

While the results shown here are for the CC case, we
expect at least similar statements to be true for the case of
NC, since the massive LO cross-section begins at O(αs).
Care should be taken if one considers more differential (e.g.
the cross-section differential in Q2) quantities, where power-
corrections can be relatively enhanced (suppressed) at small
(large) values. If such kinematic regions are considered rele-
vant for the user, a comparison of both massive and massless
(this work) approaches is recommended.
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